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Preface

This is a thesis report submitted in partial fulfillment of M.Sc.Space Exploration, TUDelft.
It describes the outcomes of the work conducted by the author in Qinetiq Space, Belgium
and TUDelft towards improving the orbit prediction of SAOCOM-CS satellite based on
the navigation data from GRACE and PROBA-V satellite missions. PROBA-V was se-
lected due to the prior internship experience of the author in Qinetiq Space with its navi-
gation data and GRACE was selected due to the availability of highly precise ephemeris.
This report is targeted towards executives and specialists who work in the field of LEO
satellite orbit predictions. This report assumes knowledge of astrodynamics of two-body
systems and orbit determination process on the part of the reader. Readers who are par-
ticularly interested in the computational efficiency can find it in Chapter [6f The author
would like to express his gratitude to Qinetiq Space for sponsoring this project and to
Dr. Dominic Dirkx for providing software assistance regarding TUDAT throughout the
project.
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Abstract

In recent years, with the increasing number of man made objects in space the need
for accurate satellite orbit prediction has increased tremendously. Prediction of satellite
trajectories is important to plan collision avoidance manoeuvres between space assets
and debris, to autonomously maintain formation flying missions and to plan manoeuvres
for ground-track maintenance of Earth-observation missions. For satellites in very low
LEO, aerodynamic drag is the largest and the most difficult force to model because of the
changing nature of atmospheric density. This report describes the efforts made towards
improving the orbit prediction of SAOCOM-CS with a focus on drag force modelling.
This is accomplished by orbit determination using GPS state vector measurements and
precise deterministic force models, during periods of high and low solar activity. Drag
scale factors are estimated with different resolutions. Different methods are used to choose
the estimated drag scale factors for orbit prediction. GRACE-A and PROBA-V satellites
are used as test cases. For a prediction arc length of one day, the best prediction strategy
results in maximum position errors (3D) of 243.5 m and 24.1 m for GRACE-A & PROBA-
V, respectively during high solar activity. Based on the prediction results of GRACE-A
& PROBA-V, a rule of thumb analysis is used to derive the maximum position error in
the orbit prediction of SAOCOM-CS, which lies between 40 and 75 m. Changes in the
mean estimated drag scale factors of the satellites are observed between high and low
solar activity which might indicate deficiencies in the NRLMSISE-00 density model. The
report also provides the effect of the space weather forecast errors on the best prediction
strategy. Introducing a 10 % error in the solar activity index resulted in mean maximum
along-track prediction errors of 393 m and 16 m for GRACE-A & PROBA-V, respectively
during high solar activity. Similarly, including random errors in the geomagnetic activity
index resulted in mean maximum along-track prediction errors of 443 m and 15 m for
GRACE-A & PROBA-V, respectively during high solar activity. Finally, the optimization
of the estimation and prediction methods for the computational efficiency of PROBA-V is
presented. A six hour estimation arc length with the force model comprising Earth gravity
field of degree and order 30 of the model ITU_.GRACE 16 with luni-solar perturbations
and devoid of atmospheric drag, solar radiation pressure and tidal forces is the most
computationally efficient combination for a prediction arc length of one day.
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Chapter 1

Introduction

Ever since the launch of Sputnik 1 into the very low Low-Earth Orbit (LEO) in 1957,
the number, size and complexity of Earth orbiting satellites have increased tremendously.
Earth observation missions, both civil and military, make extensive use of the very low
LEO region where the International Space Station (ISS) also operates with its crew. The
region of space between the altitudes of 200 - 1500 km is getting crowded faster with the
advent of cost effective and easy to launch micro and nano satellites.

With the increase in space assets (satellites, ISS), the problem of in-orbit collision
escalates. Collisions can occur between the space assets and space debris (defunct satellites
and upper stages of launch vehicles) and among the assets and debris themselves. For
example, the hypervelocity collision in February 2009 between the satellites Iridium 33
and Kosmos-2251 [Pastel, 2011] at 789 km altitude resulted in approximately 1000 pieces
of debris larger than 10 cm. This can lead to a cascade of debris generation which further
increases the risk of collision. To prevent such events from happening, it is essential to
predict the orbits of satellites in the very low LEO (till 800 km altitude) region with a
reasonable degree of accuracy. This is the focus of this thesis work.

This introductory chapter provides recent advances in orbit prediction capa-
bilities for LEO satellites in Section [I.I} This is followed by the relevant background
information on the satellites considered and the motivation for this thesis work in Section
which leads to the formulation of the research objectives in Section [I.3] The chapter
concludes with an outline for the rest of the report in Section [1.4]

1.1 Satellite orbit prediction in LEO

Newton’s laws of gravitation and equations of motion were used in earlier days to pre-
dict the orbit of a satellite. This resulted in a deterministic approach. Modern methods
in digital computing and satellite tracking enabled a stochastic approach to orbit de-
termination and prediction of satellites. Compared to satellites in the Medium Earth
Orbit (MEO) and the Geostationary Earth Orbit (GEO), satellites in the LEO expe-
rience greater perturbing forces resulting in larger deviations from the standard Kepler
orbit. These perturbations are due to higher order spherical harmonics in Earth’s gravita-
tional field, tidal forces and non-gravitational forces. Geodetic missions such as GRACE,
GOCE and CHAMP contributed to the precise modelling of Earth’s gravitational field.

9
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Among the non-gravitational forces, solar radiation pressure and atmospheric drag pre-
dominantly affect the evolution of a satellite’s orbit in the very low LEO. Compared to
drag force, the effect of solar radiation pressure on a satellite’s orbit in the very low LEO
is of low magnitude and has been modelled to a reasonable degree of accuracy. The drag
force, however, is highly variable and difficult to predict. Hence, improvement in drag
force modelling enhances the orbit prediction accuracy for satellites in the very low LEO.

Earlier researchers |Jacchia and Slowey|, 1963, |Jacchial, 1970] worked on establish-
ing and developing empirical models of the upper atmosphere from which density values
were used in the orbit computations of satellites. However, there were limitations such as
inaccurate modelling of the drag coefficient (Cy) of satellites and ignorance of long-term
trends in thermosphere [Doornbos, |2012]. In general, for a reliable satellite orbit predic-
tion, there are also other challenges besides accurate modelling of thermosphere density.
These include challenges in numerical computing and establishing realistic uncertainties
in the measurement and force models [Vallado, [2001].

Considering the collision avoidance between space assets and space debris, many
satellite operators have to screen their assets against all other space objects. Prediction
assessments based on Two-Line Elements (TLE) of these objects using the associated
analytic propagator (SGP4) are not very suitable to execute potential collision avoidance
manoeuvres. These assessments result in an unacceptably large number of potential col-
lisions per space object, each with a very low probability. This problem was addressed
by |Levit and Marshall| [2011] in which a high precision numerical propagator and batch
least-squares differential correction were applied to fit an orbit to the state vectors derived
from successive TLEs. The orbit fit was then propagated forward in time and the prop-
agated (i.e.predicted) orbit was validated against the precision ephemeris data derived
from the International Laser Ranging Service (ILRS) for several satellites. This method
led to a 10-fold improvement compared to propagating individual TLEs using the SGP4
propagator.

From the space industry point of view, improved orbit prediction can help in
determining the fuel required for orbit maintenance and manoeuvring for formation fly-
ing missions in the very low LEO. Drag force causes overall formation decay and if left
uncompensated for long-term missions can result in premature re-entry. Besides, drag
force can affect each satellite in the formation differently such that small perturbations
can lead to large separations over the course of many orbits. This requires both in-track
and cross-track stationkeeping. Elaborate discussion on these techniques is provided in
Wertz [2001].

1.2 SAOCOM-CS, PROBA-V & GRACE-A missions

The driving requirement for this thesis work comes from the planned SAOCOM-CS (SAtel-
lites for Observations and COMmunications-Companion Satellite) mission. Since the data
required for the orbit prediction of SAOCOM-CS is not available, GRACE and PROBA-
V satellites are chosen for the thesis work. PROBA-V is chosen due to the availability
of GPS (Global Positioning System) state vector data from Qinetiq Space. The GRACE
satellite is chosen to be used as a reference for a more precise assessment of the soft-
ware algorithms of this thesis work. This is due to the highly accurate navigation data
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Figure 1.1: Mission observation geometry of SAOCOM-CS and SAOCOM-1B
tenbruck et al., [2018]

of GRACE. Hence, using two different satellites with one below and the other above
the altitude of the planned SAOCOM-CS mission, this thesis also studies the behaviour
of thermosphere at two different regions. The relevant parameters of the satellites are
summarized in the Table [L.1l

1.2.1 SAOCOM-CS

SAOCOM-CS was a planned receive-only companion satellite mission which was proposed
to formation fly with SAOCOM-1B, the master satellite. The SAOCOM-1B is an L-band
polarimetric SAR satellite with a mass of roughly 3 tons and is expected to be launched
into a frozen Sun-synchronous, dawn-dusk orbit with an inclination of 97.88° and a refer-
ence altitude of 619.60 km in early 2020. The main mission of SAOCOM-1B is hydrology
and land observation with substantial contribution to surveillance and emergency man-
agement [Montenbruck et al., 201§]. The planned objective of the SAOCOM-CS mission
was to use a low-cost receive-only companion SAR (Synthetic Aperture Radar) on a sep-
arate platform in tandem with active SAR master satellite. With this set up, the surface
heights and displacements across a wide variety of terrestrial environments could be accu-
rately measured using cross-track and along-track interferometry |[Davidson et al., 2014].
A schematic of the mission observation geometry is given in the Figure [I.1l This data
was supposed to be used for agriculture, forestry and hydrology. ESA (European Space
Agency) was responsible for SAOCOM-CS and CONAE (Comisin Nacional de Activi-
dades Espaciales), the space agency of Argentina is responsible for SAOCOM-1B. Qinetiq
Space was the company in charge of the satellite bus of SAOCOM-CS as well as its on-
board navigation operations. The reference orbit of SAOCOM-CS was planned to be the
same as that of SAOCOM-1B. However, SAOCOM-CS was cancelled during the thesis
due to political decisions (Personal communication: Dr. Joris Naudet). A perspective of
SAOCOM-CS is shown in the Figure [1.7a

The receiver chosen for the navigation of SAOCOM-CS was PODRIX, the RUAG
Space dual-frequency GNSS (Global Navigation Satellite Systems) Precise Orbit Deter-

11
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Figure 1.2: Radial distance as a function of the along-track distance (Source: Qinetiq
Space).

mination receiver. It would use signals from both GPS and Galileo systems to provide
on-board real-time navigation solution accuracy of below one meter. The following would
be some of its main features |[Montenbruck et al., 2018]:

e Navigation solution accuracy (3D RMS) for position would be 1 m and for velocity
would be 2 mm/s.

e Advanced Kalman filtering would enable high on-board navigation performance.

SAOCOM-CS was estimated to have a dry mass of 377 kg and a propellant mass
of 23 kg to maintain the SAOCOM-CS and SAOCOM-1B configuration. The maximum
reference area for aerodynamic drag would be 3.7700 m? and the drag scale factor/drag co-
efficient (Cy) would be 2.20 (Personal communication: Dr. Joris Naudet, Qinetiq Space).

The following paragraphs deal with the along-track maintenance of SAOCOM
configuration which would be essential to accomplish the main objective of the mission.
SAOCOM-CS, the leading satellite would experience a higher drag than SAOCOM-1B,
due to the difference in ballistic coefficients. This would decrease the altitude, causing a
forward shift with respect to SAOCOM-1B, thereby breaking the formation. Assuming
the same initial orbital elements for both satellites and atmospheric drag as the only
perturbing force, a preliminary analysis was performed by Qinetiq Space to study the
effect of drag on the difference in semi-major axis (radial distance) and the along-track
distance between the two satellites. From Figure it can be seen that for a radial
distance (altitude difference) of 10 m, the along-track distance, which shows a quadratic
variation, reaches a value of 775 m. When the along-track distance between the two
satellites is too high, it would result in low quality payload operations and when the
along-track distance is too low, it would pose a risk of collision of the two satellites.
Hence, correction manoeuvres should be performed when the maximum and minimum
allowable along-track distance are reached. The difference between the maximum and
minimum along-track distance would be called as the along-track deadband. Since
SAOCOM-CS would move up and down with respect to SAOCOM-1B, the difference
between the maximum and minimum radial distance between the two satellites would be
called as the altitude deadband.

12
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Figure 1.4: Difference in semi-major axis and along-track distance as a function of the
number of orbits (Source: Qinetiq Space).

The goal of the differential drag compensation manoeuvre would be to raise the
orbit of SAOCOM-CS to an altitude above SAOCOM-1B to cause a backward shift with
respect to SAOCOM-1B. The strategy would be to use a single Hohmann transfer to
raise the altitude of SAOCOM-CS by a magnitude equal to twice the altitude deadband.
Figure [I.3] shows the effect of such a Hohmann manoeuvre on the along-track and radial
distance. Figure[l.4)shows that a semi-major axis (SMA) decrease of 20 m is obtained after
approximately 33 orbits or 2.24 days. This determines the frequency of the manoeuvres.

The analysis by Qinetiq Space used an atmospheric density of 5% 10713 kg/m?,
which resulted in conservative values for the orbit maintenance manoeuvers. Figure
shows the effect of changing the density on the evolution of radial distance with along-
track distance and number of orbit revolutions. For an along-track deadband of 800 m,
it can be seen that the higher the density, the larger is the radial distance and lesser is
the number of revolutions for a given radial distance. This would require frequent large
altitude raise manoeuvres. On the other hand, lower and more realistic density values
would drive the resolution of the on-board propulsion subsystem. ESA set the maximum
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Figure 1.6: Along-track control of SAOCOM configuration (Source: Qinetiq Space).

along-track distance to 7 km and the minimum along-track distance to 5 km, thereby
making the along-track deadband as 2 km. This is depicted in Figure [1.6]

A preliminary orbit propagation of SAOCOM-CS was performed in Qinetiq
Space using Monte-Carlo method to know when the along-track limit would be reached
(Personal communication: Dr. Joris Naudet, Qinetiq Space). A few hundred simulations
were done with different errors on ballistic coefficient, atmospheric density, initial state
vector knowledge and thruster performance. They resulted in the requirement that the
norm of the maximum position error in the orbit propagation of SAOCOM-CS
should be less than 125 m after one day of propagation (Personal communication:
Dr. Joris Naudet, Qinetiq Space). This would optimize the frequency of propulsive ma-
noeuvres and minimize the operational load in terms of telecommand on both partners
(Qinetiq Space and CONAE). The plan is to meet this requirement using the GPS state
vector data of SAOCOM-CS. This requirement serves as a motivation for the orbit esti-
mation and prediction schemes of this thesis work described in Chapter

14



SAOCOM-CS, PROBA-V & GRACE-A missions Chapter 1

1.2.2 PROBA-V

PROBA-V (PRoject for On-Board Autonomy - Vegetation) is a mission to observe the
vegetation of the Earth. ESA launched the satellite into space on May 7, 2013 using a
Vega launcher into a Sun-synchronous orbit of 820 km altitude and 98.80° inclination. The
orbit insertion was done under special conditions so as to allow the imaging of vegetation
under sufficient illumination for most of the mission lifetime [Francois et al [2014]. A
perspective of PROBA-V is shown in Figure [1.7bh

The satellite has a set of redundant Phoenix GPS receivers manufactured by the
DLR (Deutsches Zentrum fr Luft- und Raumfahrt). This single frequency GPS receiver
is suitable for satellites with limited on board resources. The receiver has an attitude
interface to account for non-zenith pointing antennas in the channel allocation process,
optimized tracking loops for high accuracy code and carrier tracking, and precision timing
and integer ambiguities for carrier phase based relative navigation [Gantois et al., 2006].
The following are some of its specifications [Montenbruck et al., |2004]:

e Position accuracy of the single-point solution: 10 m.
e Velocity accuracy of the single-point solution: 0.1 m/s.

e Accuracy of the filtered solution: 1 — 2 m.

The raw GPS observations of PROBA-V are not available for the thesis work
due to the limitations in telemetry. Instead the GPS state vector data from on-board
navigation is used. Further details on the GPS state vector data obtained from PROBA-
V are provided in Section [2.1l The PROBA-V spacecraft has a mass of 138 kg with a
volume of 80 cm by 80 ¢cm by 100 cm. The shape of the satellite can be approximated by
a square cuboid with 6 panels. Besides, the spacecraft has a three-axis stabilized platform
[Vrancken et al. [2012] which results in a maximum cross sectional area of 1.1314 m? in the
along-track direction. There is no necessity for orbit correction manoeuvres on PROBA-V
and hence it does not carry a propulsion system on-board (Personal communication: Dr.
Joris Naudet, Qinetiq Space).

1.2.3 GRACE-A

GRACE (Gravity Recovery And Climate Experiment) was a mission to map the global
gravity field with a spatial resolution of 400 km to 40,000 km every thirty days. It was
a joint project between NASA (National Aeronautics and Space Administration), DLR
and GFZ (Geo Forschungs Zentrum)-Potsdam. The mission had two identical satellites
linked by a highly accurate inter-satellite K-Band microwave ranging system [Tapley et al.,
2004b|. The inter-satellite KBR system accurately measured the variation of the along-
track separation between the two GRACE satellites, which indicated the temporal and
spatial variations in the gravity field of the Earth. Both satellites were launched on an
Eurockot vehicle on March 17, 2002 (dual-launch) into a circular polar co-planar orbit that
had an initial altitude of 485 km at launch and an inclination of 89°. During the course
of the mission, the two tandem satellites were separated by in-orbit distances ranging
between 170 to 270 km. The external geometry of one of the satellites is shown in Figure

L.7d
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(c) Satellite geometry of GRACE-A [March et al.| 2019].

Figure 1.7: Satellites considered for this thesis work
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Satellite Orbit Imtl.al . Ipltu.il . Wet Frontal
orbit Orbit inclination 2
name type altitude (km) (degrees) mass (kg) | area (m)
Frozen,
SAOCOM-CS | sun-synchronous 619.60 97.88 400.00 3.7700
and dawn-dusk
GRACE Polar circular 485.00 89.00 487.20 1.0013
Polar,
PROBA-V | sun-synchronous 820.00 98.80 138.00 1.1314
and circular

Table 1.1: Summary of the relevant parameters of satellites considered for this thesis
work. (Sources: Sections [1.2.1] [1.2.2] and [1.2.3])

GRACE satellites made use of the BlackJack, a dual frequency GPS receiver de-
veloped by the NASA’s Jet Propulsion Laboratory (JPL). It enabled precise time-tagging
of the measurements used in extracting the inter-satellite range change and provided abso-

lute positions of the satellites over the Earth. The following were some of its specifications
[Montenbruck and Kroes,, 2003]:

e a 48-channel receiver with a capability of tracking 16 GPS satellites on one antenna,
with navigation, timing, and precise orbit determination capabilities,

e Noise in the computed position in telemetry (navigation solution) was less than 60

m,

e The observation noise in phase (ionosphere-free) was less than 0.2 cm and the ob-
servation noise in range (ionosphere-free) was less than 30 cm.

Though raw GPS observations are available for GRACE satellites, this thesis
work only uses the GPS state vector data. Further details on the GPS state vector data
obtained from GRACE are provided in Section[2.1] Each GRACE satellite had a wet mass
of 487.20 kg and can be approximated by a 9 panel model. The exterior dimensions of
the macro model and the properties of the surfaces can be found in product specification
document of GRACE [Bettadpur, 2012], which also gives a maximum cross sectional area
of 1.0013 m? in the along-track direction. During the GRACE mission, manoeuvring was
done for orbit acquisition, formation keeping, attitude correction for relative pointing and
switching the position of the satellites [Herman| 2012]. It was a requirement that the two
GRACE satellites must be aligned with an accuracy of 0.5 mrad. To meet this requirement
manoeuvres were performed from time to time. The equations of these manoeuvres can
be found in |Kirschner et al| [2001]. For this thesis work, only the manoeuvre-free days
were selected for data processing, the details of which are provided in Section [2.5]

1.3 Research questions and research objective

It is clear from the analysis presented in Section that it is required to predict the
time when the along-track limit of the SAOCOM configuration will be reached and the
magnitude of altitude increase that will be required. Since this deals with the time before
the execution of the orbit maintenance manoeuvre, the scope of the thesis work is limited

17
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to processing the navigation data of satellites which does not include the manoeuvring
periods. It should be noted that there are constraints on navigation data such as the
non-availability of raw GPS observations for PROBA-V satellite. After a comprehensive
literature review, the following main research question is formulated to guide the thesis
work:

How to develop an orbit prediction algorithm for SAOCOM-CS satellite that can
result in a reliable orbit prediction for one day with a maximum position error norm of
125 m?

This can be divided into the following sub-questions:

1. What are the relevant factors to be considered to improve the drag force modelling
for better orbit prediction?

2. How to adapt the prediction schemes for different drag conditions, which are assessed
by using satellites at different altitudes and during different solar activity conditions?

3. How to optimize the estimation and prediction procedures for computational effi-
ciency?

Besides these sub-questions the following is another relevant question for this thesis work:
Can the results of the orbit estimation and prediction be used to assess the atmosphere
model? Thus, the main research objective of the thesis work is formulated as:

To develop an orbit prediction algorithm for SAOCOM-CS satellite that results
i a reliable orbit prediction for one day with a maximum position error norm of 125 m,
by tuning the relevant factors to improve the drag force modelling of the satellite.

It should be noted that the data from PROBA-V and GRACE mission is used
in this thesis work. Though SAOCOM-CS mission got cancelled during the course of this
thesis work, the analysis presented here can still be adapted to other satellites in LEO
based on the corresponding orbit and satellite parameters.

1.4 Outline

The rest of the report is divided into six chapters which sequentially address the various
aspects of the research objective. Chapter [2] provides the relevant theory for orbit esti-
mation and prediction techniques considered for this thesis work. It describes the type
of data used for processing as well as the procedure used for the selection of periods for
the orbit estimation and prediction. Chapter [3| discusses the outcomes of orbit estimation
and prediction done on GRACE-A and PROBA-V with one drag scale factor (Cy) per
day and Chapter (4] discusses the results of estimation and prediction done with multiple
drag scale factors per day and uses the results obtained from the two satellites to assess
the performance of the orbit prediction of SAOCOM-CS. Chapter 5] deals with the ef-
fects of the space weather forecast on the satellite orbit prediction. Chapter [0 provides
a sensitivity analysis of the various force models used in orbit estimation and prediction.
This is ensued by strategies to optimize estimation and prediction for the computational
efficiency of PROBA-V. Finally, Chapter [7] summarizes the results of this thesis work and
presents the conclusions to the reader along with an outlook of future research in this
direction.
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Chapter 2

Orbit determination and prediction
using GPS state vector data

This chapter deals with the force models and observation models required for the or-
bit estimation and prediction schemes. Section briefly reviews the three types of
tracking data that were considered for this thesis work and provides the specifications of
the tracking data chosen and used in this thesis work. Section provides a compre-
hensive overview of the force models, observation models and the estimation techniques
used. Section [2.3| describes the different orbit prediction methods considered. Section
briefly describes TUDAT (TUDelft Astrodynamics Toolbox), the orbit determination and
prediction software used in this thesis and Section briefly explains the procedure for
selecting the periods to obtain data for the orbit estimation and prediction.

2.1 Review of tracking data types and specifications
of GPS state vector data

Three types of tracking data were investigated for this thesis work: raw GPS data, Two-
Line Elements (TLEs) and the GPS navigation solution, hereinafter referred to as the
GPS state vector data. Raw GPS data consists of ranging codes and other necessary data
for navigation operations, superimposed on the carrier waves which are transmitted in two
frequencies known as L; and Ly. The ranging codes consist of Coarse Acquisition (C/A)
code, Precise (P) code and the Y code. PROBA-V which uses a single frequency GPS
receiver, can only make use of C/A code. This reduces the accuracy of the measurement
as it relies on less accurate ionosphere models to remove first order ionosphere effects.
This problem is mitigated in GRACE satellite which uses a dual frequency GPS receiver
with effective and advanced signal processing techniques [Tapley et al., 2004a].

The TLE, distributed by the Joint Space Operations Centre (JSpOC), consists
of two lines of just 69 characters which provide orbital information on a large number
of Earth orbiting objects. The position and velocity information of a satellite can be
obtained by reconstructing its orbit through the application of the SGP4 algorithm to the
TLE data [Vallado and Crawford} |200§]. In an accuracy analysis performed by [Doornbos
[2012] on the TLE of CHAMP (Challenging Minisatellite Payload) and GRACE satellites
for epochs free of orbit manoeuvres, it was found that the relative error in the estimated
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density due to the TLE orbit error of 0.5 km in the along-track direction [Flohrer et al.)
2008], stayed below 1%, even if the time with respect to optimal epoch amounted to
several days. Hence, TLEs can be used as a reliable tool for density studies and, if the
orbit error is less than 0.2 km, can also be used for orbit prediction analysis of satellites
in the very low LEO.

The three dimensional Cartesian position, velocity and the corresponding epoch
constitute the state vector data of a satellite. This uniquely defines the trajectory of a
satellite. The state vector data is obtained by processing the raw GPS data received by
the satellite. Mathematically, the state vector is expressed as,

X=[tzyzVV V" (2.1)

For PROBA-V, the state vector data is computed on-board and received by the ground
station as telemetry data. This is then acquired by Qinetiq Space and used for various
purposes. Hence, the accuracy of state vector depends on the quality of the GPS receiver
and the on-board processing capacity. For GRACE-A, the state vector data is available as
level 1B data product which is obtained by processing both the Level-1A and Level-0 data
[Case et al., [2002]. The state vector of GRACE-A is more accurate than the state vector
of PROBA-V mainly due to two reasons: more accurate raw GPS data of GRACE-A
due to the high quality dual frequency GPS receiver and the complex processing of this
data done using ground based processing facilities. Other parameters of the tracking
data relevant to this thesis work are summarized in Table .1l The state vector data
of both satellites are time-tagged with the GPS time, defined as the number of seconds
since the epoch January 01, 2000, 12:00 hrs [Bettadpur, 2012]. For this thesis work, the
state vectors of both satellites (PROBA-V and GRACE-A) are defined with respect to
the Earth-Centered Earth Fixed (ECEF) reference frame. The origin for this reference
system is at the centre of mass of the Earth. The XY plane coincides with the equatorial
plane of the Earth with the X-axis passing through the Greenwich meridian and Y-axis
at 90° to the east of X-axis in the equatorial plane. The Z-axis is perpendicular to the
equatorial plane and passes through the North Pole. This reference system rotates along
with Earth.

Comparing the three tracking data types, the TLE has the least accuracy.
Flohrer et al.| [2008] provides a look-up table which gives the average estimated uncer-
tainties of the TLE orbits of the satellites with perigee altitude less than 800 km and
eccentricity less than 0.1. Combining the uncertainties in radial, along-track and cross-
track directions, the total uncertainty comes to around 0.45 km. With this accuracy, it
is not possible to achieve the research objective of this thesis mentioned in Section [1.3]
Though using raw GPS data has more advantages than using GPS state vector data, it
is not preferred by Qinetiq Space for various reasons. One reason is the limited down-
link capacity which restricts the collection of raw GPS data from PROBA-V satellite.
Moreover, the complexity of orbit determination is greatly reduced when using the state
vector data. Because of these advantages, the state vector data is used in this thesis work.
During the thesis, it was found that there were certain days in which the state vector data
of PROBA-V had large gaps which caused failure of the orbit determination algorithm.
These days were removed from processing and this is explained in Section [2.5] Among
the twin GRACE satellites, the state vector data of GRACE-A is used for this thesis, due

'RMS = Root Mean Square
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Parameters PROBA-V GRACE-A
GPS receiver Phoenix (DLR) BlackJack (JPL)
(manufacturer)

Receiver type Single frequency Dual frequency

L1 C/A code noise: 0.40 m,

Raw GPS data L1 carrier phase noise: 0.50 mm, lonosphere- free phase

noise is less than 0.20 cm,

measurements Range rate noise from Tonosphere-free range
(in RM carrier phase: 2 cm/s, 1O°P S
. noise is less than 30 cm.
Smoothed pseudorange noise: 0.10 m

Reference frame

S . ECEF ECEF
of navigation solution
A'vaﬂ.abﬂlty Of Every 60 seconds Every 5 seconds
navigation solution
3D RMS of Position: 2.50 m, Position: 3.70 mm
navigation solution Velocity: 0.06 m/s Velocity: 6 pm/s
Source of Qinetiq Space database JPL database

navigation solution

Table 2.1: Parameters of GPS receivers and their navigation solution.

to less number of manoeuvres compared to GRACE-B. The selection process is further
explained in Section [2.5

2.2 Orbit determination scheme

This section describes the force models, observation models and the application of batch
least squares estimation technique. It is accompanied by short descriptions of the time
system and the various reference systems used by the orbit determination software. A
concise description of this section can be found in Tables and 2.3l The orbit deter-
mination and prediction in this thesis work is carried out using TUDAT, an in-house
C++ software. Implementation of force models and observation models in TUDAT is
briefly mentioned in Section [2.2.1] More information on the selection and overview of the
software can be found in Section 2.4

2.2.1 Force models and observation models

The acceleration experienced by a satellite in LEO is given by the expression [Doornbos,
2012],

r= _ﬁr + Teg + I'gp + Iy + Igy + Ty + Tsrp + Terp + Tother (22)

where — 131 is the Newtonian gravitational acceleration, ¥, is the acceleration due to the
irregularities in Earth’s gravity field, ¥, is the gravitational acceleration due to third
bodies, Iy is the acceleration due to tidal effects, ¥y, is the acceleration due to the effects
of general relativity, ', is the aerodynamic acceleration, T, is the acceleration due to
the solar radiation pressure, Ty, is the acceleration due to Earth radiation pressure and
Toiner represents other accelerations. Except for the acceleration due to the Newtonian
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gravity potential (—u/r?), this section provides concise descriptions for other accelerations
(.I:eg7 .I:3b7 sy i:other)-

Spherical harmonics of Earth

The gravitational potential at a point outside the radially asymmetric mass
density distributed Earth is given by the following expression [Wakker, [2015],

7 = (RY", .
U = —;[1 — ;Jn<7> P, (sin ¢)

+ Z Z Jom (?) Pum(sing)(cosm(A — A,,.) | (2.3)

n=2 m=2

where R is the mean equatorial radius of the Earth, r is the distance of the point from the
centre of mass of the Earth, ¢ is the geocentric latitude of the point, A is the geographic
longitude of the point, p is the gravitational parameter of the Earth, J,,, Jym and Ay,
are the model parameters, P,(sin¢) are Legendre polynomials of degree n, P, ,(sin¢)
are associated Legendre functions of the first kind of degree n and order m. TUDAT
numerically computes the potential by making use of the model parameters (i.e. gravity
coefficients) obtained from the model ITU_.GRACE 16 [Shang et al.;2015]. Under nominal
conditions, the degree and order of the model are set to 50. Using a degree and an order
higher than 50 did not significantly improve the accuracy of orbit determination and
prediction, but cost more computation time. The satellite is considered as a point mass.
The changing mass of GRACE-A due to propellant usage from manoeuvres is obtained
from the satellite housekeeping files [Case et al., 2002 for the period under consideration
and is included in TUDAT computations. Since PROBA-V has no propellant usage, its
mass remains constant throughout the processing period. The shape of Earth is considered
as an oblate sphere with a reference radius of 6378 km and a flattening parameter of
1/298.25 [Slater and Malys|, [1998].

Third body perturbation

A satellite in LEO is influenced by the gravitational forces of the celestial bodies
other than Earth. These effects are known as the third body perturbations. The maximum
value of the ratio of the magnitude of the acceleration due to the third body to the
magnitude of the acceleration due to the Newtonian gravity field of the Earth is given by

[Wakker, [2015],
3
Lo (_) 2.4)
mg \ Tq

where mgq is the mass of the disturbing body, 74 is the distance of the disturbing body from
the centre of the Earth, myg is the mass of the Earth and r is the distance of the satellite
from the centre of the Earth. It is evident from Equation that the relative perturbing
acceleration increases with orbital altitude of the satellite. TUDAT numerically computes
the perturbing accelerations due to the Sun and the Moon. Both the perturbing bodies
and satellites are considered as point masses. The required positions of the Earth, the Sun
and the Moon with respect to the Solar System Barycenter (SSB) in the inertial frame
J2000 are obtained from the SPICE toolkit provided by NASA’s JPL [Acton et al., 2015].

I'q

I'g

max
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Tides

The gravitational force exerted on Earth by other celestial bodies (such as the
Sun and the Moon) varies as a result of eccentricity of the orbit of the celestial bodies and
the rotation of the Earth. This results in a difference between the gravitational pull at
the surface of the Earth and the gravitational pull experienced at the centre of the Earth
which produces long waves on the Earth’s surface known as tides. Using the addition
theorem of Legendre functions [Lambeck, 1988], the tide induced potential at the satellite
altitude due to a planetary body is given by,

oo 2 n+1 n
Ulry) = Hp Z ( "B ) Fin . Z Pom (co80,) Pum (cos b) cos(m(As — Ap))
m=0

rE =5 \TsTp 2n +
(2.5)

where (rs, 0s, As) and (rp, 6,, \,) are the spherical co-ordinates of the satellite and the
planet, respectively, in the terrestrial frame, p, is the gravitational parameter of the
planetary body, rg is the reference radius of the Earth, k, represents the Love numbers
and P, (cos 6,) represents the associated Legendre functions of degree n and order m.
The dominant Love number of the Earth was obtained from the observations of polar
motion [Seitz et al.,; 2012]. TUDAT numerically computes the tidal acceleration resulting
from the deformation of solid Earth due to the Sun and the Moon. This is based on
IERS (International Earth rotation and Reference System service) 2010 [Petit and Luzum),
2010]. Highly precise ephemeris for the positions of the Sun, the Moon and the Earth are
obtained from the SPICE database. Rotational ephemeris of the Earth is also provided by
SPICE database. This includes the realizations of precession, nutation, polar motion and
Earth rotation based on IAU (International Astronomical Union) 2000/2006 resolutions
[Petit and Luzum)| 2010]. Ocean tides model is not included as the functionality was not
implemented in TUDAT. The impact of excluding the ocean tides model on the radial
orbit error is expected to be one order of magnitude greater than the effect of the solid
Earth tides model on the radial orbit error [Scharroo and Visser, 1998].

Radiation force

Solar radiation pressure is a non-gravitational and a non-conservative force. At
higher altitudes, the effect of radiation pressure on the satellite surface produces consid-
erable orbit perturbations over long periods of time, except during eclipses, when there is
no sunlight. The acceleration of a satellite due to solar radiation pressure is expressed as
[Doornbos, 2012],

W Ayt .
7 3 (2.6)

where W is the power density of the solar radiation near Earth and has a value of 1360
W /m?, M is the mass of the satellite, c is the velocity of light in vacuum, #4 is the unit
vector from the Sun to satellite and Cf is the radiation pressure coefficient associated with
the reference area of the satellite, A,.;. Radiation force results from two kinds of reflection
at the satellite surface: specular and diffuse, the details of which can be found in|Doornbos
[2012] and |Sengoku et al. [1995]. For a realistic solar radiation pressure calculation, the
varying distance between the Sun and the satellite has to be considered. Applying the
inverse square law, the solar radiation pressure can be expressed as [Doornbos, [2012],

2
p - <1AU) £ Piau (2.7)

T@S

tspp = CRr
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where Pjay = 4.56 x 1075 N/m? 1AU = 149,597,870,660 m, f; is the shadow func-
tion [Vallado, 2001] and rq ¢ is the varying Sun-satellite distance. TUDAT numerically
computes the acceleration due to solar radiation pressure by considering the satellite as
a cannonball and Earth as the occulting body |Lucchesi, 2002]. SPICE database is used
to compute the varying Sun-satellite distance. For GRACE-A, the reference area for ra-
diation is fixed as 6.0711 m? [Bettadpurl [2012], which is the area of the largest panel,
to include worst case perturbation. Since PROBA-V resembles a rectangular cube, the
maximum cross-sectional area of 1.1314 m? (Table is used as the reference area. The
initial values for the radiation pressure coefficient (Cg) are calculated based on the surface
properties of GRACE-A [Bettadpur, 2012] and PROBA-V (Personal communication: Dr.
Joris Naudet, Qinetiq Space). These values are then input to the batch least squares
estimator for further processing. Modelling of Earth radiation pressure, which includes
the sunlight reflected by the Earth and the thermal radiation from the Earth, is not avail-
able in TUDAT. Earth radiation pressure has little effect on the drag force modelling of
the satellites, because its magnitude is relatively small and it acts in the radial direction
[Doornbos, [2012]. Moreover, implementation of this force model requires computation of
the time-varying reflectivity of the Earth and factoring the Sun-Earth-satellite geometry
[Knocke et al., [1988]. Since these are beyond the scope of this thesis, it is decided to
exclude the Earth radiation pressure.

Atmospheric force

The interaction between the Earth’s atmosphere and a satellite in the very low
LEO results in a non-conservative force which is hard to predict and model. The acceler-
ation due to atmospheric drag force is given by [Doornbos, 2012],

1 Are A~
fp = 3P Mf Cqv? ¥, (2.8)
Vi = Vi + Vie + Viw (29>

where p is the atmospheric density, M is the mass of the satellite, Cy is the drag coefficient
of the reference surface A, v, is the relative velocity vector, v, ; is the inertial velocity of
the satellite in its orbit, v, . is the velocity caused by the co-rotating atmosphere and v, y,
denotes the velocity of winds. Generally, the density of the Earth’s atmosphere is con-
sidered to decrease exponentially with altitude. However, for precise orbit determination
and prediction this approximation is not enough and hence thermosphere density models
are used. Besides the exponential decrease of density with altitude, these models include
several other density variations such as diurnal variation, seasonal variation, semi-annual
variation, solar activity variation and geomagnetic activity variation. All these variations
are due to the temporal and spatial differences in the energy and heat input into the
atmosphere. Emmert| [2015] gives a comprehensive account of these variations.

Thermosphere models can be broadly classified into physical models and empiri-
cal models. Physical models, based on the governing physical equations of the atmosphere
system, provide the detailed response of density, temperature, composition and winds
to the diverse energy inputs to the atmosphere (e.g. Thermosphere Global Circulation
Models (TGCMs)). Compared to empirical models, physical models are more complex,
requiring more expertise to run and are computationally intensive. Hence, they are not
preferred for routine applications in orbit determination. On the other hand, empirical
models provide only the major variations in the number densities of the major constituents

24



Orbit determination scheme Chapter 2

of the atmosphere through relatively simple functions, resulting in total density and tem-
perature as the usual outputs [Doornbos, 2012]. Two modes of gas-surface interaction
are generally recognized: specular re-emission and diffuse re-emission. Quantification of
these re-emissions based on the atmospheric composition at higher altitudes can be found
in Harrison and Swinerd [1996] and Pilinski et al. [2010]. The outputs from the ther-
mosphere model, together with the state vector data of a satellite and the gas-surface
interaction model, included in a numerical propagator can represent the low density flow
encountered at LEO altitude. Some of the important empirical models are the Jacchia
series [Bowman et al., 2006, 2008, |Jacchial, (1972], the DTM (Drag Temperature Model)
series |Berger et al. [1998] |[Bruinsma et al.; 2003] and the MSIS (Mass Spectrometer Inco-
herent Scattering radar) series [Hedin, 1987, |[Picone et al., [2002]. Among these empirical
models, NRLMSISE-00 (Naval Research Laboratory-Mass Spectrometer and Incoherent
Scatter radar Exosphere-00) is used in this thesis due to its availability in TUDAT.

The inputs to the NRLMSISE-00 model [Picone et al., [2002] in TUDAT are the
(GPS) time, geodetic altitude, geodetic latitude, longitude, solar and geomagnetic activity
data. The outputs include the number densities of the major atmospheric constituents,
anomalous oxygen number density, total mass density, exospheric temperature and the
temperature at the given altitude. Solar and geomagnetic activity data are obtained from
the publicly available http://celestrak.com/SpaceData/ website. The extent of solar
EUV energy input into the atmosphere of Earth due to solar activity can be represented by
the amount of heat flux received by the Earth at 10.7 cm radio-wavelength. This is called
the solar activity proxy. It is expressed in solar flux units (1 sfu = 102> Wm™?Hz!). The
NRLMSISE-00 model requires two such parameters: the daily observed solar radio flux
(F10.7) and the centered 81-day average radio flux (Fyp74). Similarly, geomagnetic activity
can be represented by a, in units of nanoTesla (nT). The period of a, is 3 hours which
amounts to 8 values per day. The average of all 8 a, values in a UTC (Universal Time
Co-ordinated) day is denoted as the A, index. More information about the geomagnetic
indices can be found in Menvielle and Berthelier; [1991]. NRLMSISE-00 model takes the 8
a, values and the single A, index as inputs. Wind model is not considered for this thesis
as the orbital velocity of the satellite is much greater than the wind velocity at 620 km
altitude of the planned SAOCOM-CS mission.

Density provided by the NRLMSISE-00 model is used by TUDAT to numerically
compute the acceleration due to drag force by considering the satellite as a cannonball.
The reference area for GRACE-A is fixed as 1.0013 m? [Bettadpur}, 2012] and for PROBA-
V, the reference area is 1.1314 m?. These values are the frontal areas of both satellites
(Table[L.1)). A value between 2 and 3 is given as the initial value for the drag coefficients (or
drag scale factors, Cy) of both satellites [Wakker, [2015]. These values are then iteratively
improved through the batch least squares estimator. According to the analysis by |[Cook
[1964], atmospheric lift force produces significant perturbations to the orbit of a stabilized
disk shaped satellite under certain conditions. This is not relevant to this thesis as disk
shaped satellites are not considered. In an analysis performed by |Doornbos| [2012] on
the CHAMP (CHAllenging Mini-satellite Payload) and GRACE satellites, it was found
that the lift coefficient was very small (C; = 0.06) compared to the drag coefficient
(Cy = 2.80). Since PROBA-V orbits at a higher altitude, the effect of lift force on orbit
perturbations can be assumed to be negligible. For these reasons, it is decided to exclude
the lift force.
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Other forces

Under the influence of Earth’s magnetic field, a satellite can experience Lorentz
force if it acquires an overall negative or positive potential through mechanisms such as
bombardment of the satellite by high thermal velocity electrons, surface degradation of
the satellite from high-energy photons, etc. This force is excluded from this thesis for
the following reasons: the various mechanisms mentioned are significant only at altitudes
over 1000 km; there is no in-situ observation data on satellite ionization and the Earth’s
magnetic field mostly affects the attitude of the satellite with very little effect on the
orbit of the satellite. Owing to differential heating of its components, a satellite in orbit
experiences thermal self radiation which may produce drag-like characteristics. These
effects are small and a general rule of thumb is that when the satellite is in thermal
equilibrium, the thermal self radiation is a fraction of the solar radiation pressure (SRP)
and acts in the same direction as the SRP. Hence, the thermal self radiation is usually
modelled as an error in SRP [Larson and Wertz, [1992]. The light-time corrections based
on special and general relativity and due to oblateness of the Earth [Larson et al.; [2007],
usually required when using raw GPS data, are not relevant for this thesis as the state
vector data is used (Section . The relativistic precession of the argument of latitude
of the satellite orbit can also be neglected as it has an order of magnitude below the error
level of the force models considered.

Observation model

Since the GPS state vector data is used as measurement for this thesis, the
observation model is straightforward: the state of the satellite involved in the numerical
integration process is also the observation. Hence, the observation vector at a given epoch
t is,

Y(t) =[xy 2 Vi Vy VT (2.10)
The epoch is provided in the GPS time (Section whereas TUDAT uses the Terrestrial
Time (TT) [Petit and Luzum)| 2010]. The conversion from GPS time to TT is given by,

TT = GPS time + 19 + 32.18 seconds (2.11)

The Cartesian position and velocity are available in the ECEF reference frame whereas
TUDAT uses J2000 as the Earth Centered Inertial (ECI) frame during numerical integra-
tion. The transformation between the position co-ordinates of ECEF and ECI is given by
[Tapley et al., [2004a],

T X
y — WS'NP |V (2.12)
%1 BcErR Z | e

where P, N, S’ and W denote the transformation matrices to account for precession,
nutation, Earth rotation and polar motion respectively. The transformation between the
velocity components of ECEF and ECI is given by [Montenbruck and Gill, 2000],

V;: VX dS’ X

Vy = WS'NP |V + W—NP |Y (2.13)
V. v dt Z

z | ECEF Z 1 gcr ECI

The components of the transformation matrices are available in Petit and Luzum/ [2010].
The outputs of numerical integration in the ECI frame are transformed into the radial,
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along-track, cross-track (RSW) frame for the ease of representation. Documentation
regarding this conversion is available at http://doxygen.tudat.tudelft.nl/d2/d70/
reference_frame_transformations_8cpp.html website. The standard deviations of the
observed Cartesian position and velocities of GRACE-A and PROBA-V are mentioned in
Table These are used as weights in the batch least squares estimator.

2.2.2 Batch least squares estimation

In the reduced-dynamic orbit determination approach, the orbit of a satellite is deter-
mined by considering the observations of the satellite and the dynamics of the satellite
motion. This allows for precisely computing the orbit of a satellite as well as to propagate
it when there are gaps in the observation. The accuracy of the computed orbit depends
on the quality of the force models used for the satellite dynamics and the quality of the
observations. Neither the model nor the observations is perfect. Hence, physical param-
eters such as drag coefficient (or drag scale factor, Cy), radiation pressure coefficients
(Cr) are introduced into the force model to absorb modelling errors. Initial weights are
assigned to the force model and to the observations based on their quality. They are
optimally combined to get the best estimate of the orbit and force model parameters in
an iterative manner. Two well known methods of reduced dynamic orbit determination
are the batch least squares estimation and Kalman filter estimation. In an analysis of the
reduced dynamic orbit determination of GRACE using GPS code and carrier measure-
ments by Montenbruck et al.|[2005], it was found that the extended Kalman filter required
less computer resources such as memory and processing time while the batch least square
estimator ensured a better smoothness of the resulting trajectory and was more robust
in case of data gaps. Batch least squares estimation was chosen for this thesis as it was
readily available in TUDAT with the functionality to estimate several model parameters
including drag coefficient (or drag scale factor, Cy).

Least squares technique minimizes the sum of the squares of the residuals with
respect to the parameters considered for estimation. Thus, the cost function to be mini-
mized is given by [Valladol 2001,

J =7 (2.14)

where N is the total number of data points or observations and 7; is the residual of the
ith data point or observation. The estimated parameters only direct the solution as the
solution is predetermined based on some assumptions such as the shape of the orbit, drag
model, etc., before the minimization of the cost function. The estimated parameters are
given by the expression [Vallado, 2001],

X = (ATA)TATDL (2.15)

where X is the state space vector which contains the estimated parameters, A is the
matrix of partial derivatives of the residuals with respect to the estimated parameters,
b is the observation vector and (AT A)~! is the covariance matrix which provides un-
certainties of the estimated parameters. There are extra parameters that appear in the
model formulation but are not estimated through processing. The effect of uncertainty of
these parameters on the covariance can be included through consider parameters |Bier-
man), 2006]. If some observations are considered as more accurate than other observations,
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then weighted least squares technique is used. In this case, the estimated parameters are
given by the expression [Vallado, [2001],

X = (ATWA)TATWD (2.16)
and
W = wiTwi (217)
1
w = — (2.18)
Jj

where W is the weighting matrix, o; is the standard deviation of the i*" observation and
(ATW A)~! is the covariance matrix. Since precise orbit determination is a non-linear
problem, a set of nominal state space vector, Xg is assumed as the initial state and a
Taylor series expansion about this nominal state space is done. Neglecting the higher
order terms, this is now used, along with the weights of the observations, in the least
squares method to determine the corrections to the nominal state to obtain a better
estimate. This non-linear weighted least squares approach is given by the expression
[Valladol, [2001],

% = (ATWA)TATWDH (2.19)

% = PATWDH (2.20)

where X is the vector containing the estimated corrections to the nominal state space
vector, P is the covariance matrix, b is the residual matrix formed by the difference
between the observation and the nominal value computed using the nominal state space
and A is the matrix of partial derivatives of the residuals with respect to the nominal
state space. The estimated 0X is added to the nominal state space, Xy and the result
becomes the new nominal state space vector. This is now used in the iteration to get
a better estimate of 0X. This iteration continues until a stopping criterion is met. In
general, the stopping criterion is given by [Vallado, 2001],

RMSgq — RMS,ew
2.21
‘ RM S = ¢ ( )
b” W b
RMS = _— 2.22
TMobs (N — 1) ( )

where N is the number of observations, ng,s is the number of types of measurement
associated with each observation and € is the convergence tolerance. The partial derivative
matrix, A is given by [Vallado, [2001],

J(observations) J(observations) 0X
A = = 2.2
0Xo 0X 0Xo (2:23)

A =H?® (2.24)

where H is the observation partials matrix and ® is the matrix of variational equations
or the state transition matrix. The analytical and numerical formulations to compute
both these matrices are provided in [Vallado| [2001] and the references mentioned therein.
Using the state transition matrix, the estimated corrections vector, 6X and the covariance
matrix P are propagated to the current time as shown,

5% = P 6% (2.25)
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P = ®P,®" (2.26)

The state transition matrix, ®, being a linearized approximation of the dynamics, cannot
be used for the propagation of the state space itself. Hence, the state space is propagated
to the current time by using a suitable propagator.

TUDAT orbit determination algorithm performs the non-linear weighted least
squares with batches of observations known as estimation arcs. Under nominal conditions,
for both satellites, the estimation arc length is fixed as one day. For each estimation arc,
the initial state of the satellite is obtained from the GPS state vector data corresponding to
the initial epoch. The procedures for obtaining initial values of C'r and Cy were explained
in Section Cowell’s method [Wakker|, 2015] is used for propagation along with the
fourth order Runge-Kutta integration scheme. Between both satellites, the GPS state
vector of GRACE-A is more frequently available: every 5 seconds (Table . Hence, the
stepsize is chosen as 5 seconds for ease of validation and better accuracy. Within each
estimation arc, for each satellite, the observation vector (b) is obtained from the corre-
sponding state vector data. Similarly, the weighting matrix (W) is computed according to
Equations and based on the standard deviations of the observations provided
in Table[2.1] The observation partials matrix (H) and the state transition matrix (®) are
numerically computed, based on the formulations of the force and observation models,
and are included in the estimation process. Maximum number of iterations per estima-
tion arc is set to 6 and the convergence tolerance (¢) is set to 1% 1072, The estimation
process stops if either of these criteria is satisfied. Initially, the following parameters were
estimated per estimation arc: the initial state of the vehicle, radiation pressure coefficient
(Cr) and the drag coefficient (Cy). Hence, the parameter vector is given by,

X =[zyzVeV,V, Cr Cy" (2.27)

The estimated parameter vector (X) and the resulting trajectory constitute the outputs
of the estimation process. The resulting trajectory is verified and validated by comparing
it against the GPS state vector data of the corresponding satellites for the corresponding
estimation arc. Since the stepsize of the integrator is 5 seconds, the resulting trajectory
of PROBA-V is interpolated before validating with its state vector data which has a time
step of 60 seconds.

In this estimation process, the conventional drag coefficient of the satellite (Cy)
serves as a correction factor for errors in atmospheric density from the empirical model,
errors in gas-surface interaction and attitude of the satellite. Hence in this thesis, Cy will
be referred to as the drag scale factor. Figure [2.1] shows the variation of the correlation
coefficient between the estimated C'r and Cy for both satellites during January, 2014. Since
the correlation is less than 10%, it can be concluded that the solar radiation pressure
is almost uncorrelated with the drag force. This is further supported by Figures [2.2a]
and which show almost no correlation between the estimated C; and 3, the angle
between the orbital angular momentum vector and sun-satellite vector. Further orbit
determination results showed the estimates of C'r to be unreliable. From these initial
results, it was decided to fix values for C'r of both satellites based on the estimations
carried out during a period of low solar activity to ensure minimum influence of drag
force. The value of Cr for GRACE-A was fixed to 0.57 and the value of C'r for PROBA-
V was fixed to 1.34. These fixed Cg values are used for the rest of the analysis described
in this report. Hence, the new parameter vector is given by,

X =[zyzVV, V, " (2.28)
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Figure 2.1: Correlation coefficient between the estimated radiation pressure coefficient
(Cr) and drag scale factor (Cy) for GRACE-A and PROBA-V.

The following estimation schemes for C,; are considered for the thesis work to
improve drag force modelling, which in turn will be required for orbit prediction (Section
2.3)): single C; per day and multiple Cy per day with 4 different resolutions - 2 Cy per
day, 3 Cy per day, 4 C,; per day and 8 Cy; per day. Among these resolutions, estimation
of 4 scale factors per day has been done by researchers such as Doornbos et al. [2007] and
Panzetta et al. [2019]. The choice of the resolution depends on the tracking information
density and the strength of the drag signal in the tracking information.

2.3 Orbit prediction scheme

The main goal of this thesis, defined by the research question in Section [1.3| is orbit
prediction. TUDAT orbit prediction algorithm propagates the orbit of both satellites
(GRACE-A and PROBA-V) using the force models described in Section It is noted
here that the orbit prediction is done using the observed values of Fip7 and A, indices
for the corresponding prediction arc and not the forecast values of the indices. This
issue is addressed separately in Chapter [} For nominal conditions, the arc length for
prediction is same as that of estimation (i.e. one day). Given a satellite and a prediction
arc, the initial state for prediction is obtained from the state vector corresponding to
the last epoch in the resulting trajectory of the estimation output of previous day for
that particular satellite. The drag scale factor (Cy) of a satellite for the prediction arc is
also obtained from the estimated parameters of that satellite. The value of Cy is fixed
as explained in Section [2.2.2] Encke’s method [Wakker] [2015], which gives slightly more
accurate results for orbit prediction than Cowell’s method, is used along with the fourth
order Runge-Kutta integration scheme with a stepsize of 5 seconds. The output of the
prediction process is the predicted trajectory for one day. The accuracy of prediction is
determined by comparing the predicted trajectory with the GPS state vector data of the
corresponding satellite for the corresponding arc, similar to the validation mentioned in
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Model ‘ Description with references
Measurement model:

Obtained by processing raw GPS data of GRACE-A [Case et al.| [2002]
and PROBA-V (Source: Qinetq Space).

GRACE-A: 3.70 mm,

PROBA-V : 2,50 m

GRACE-A : 6 um/s

PROBA-V : 0.06 m/s

GPS state vector data

Position accuracy

Velocity accuracy

Reference frame ECEF

Time tag GPS time [Bettadpur| [2012]

Gravitational force model: R

Earth gravity ITU GRACE 16 with degree and order 50 [Shang et al.| 2015
Solid Earth tides IERS 2010 [Petit and Luzum][2010]

Luni-solar gravity SPICE ephemeris [Acton et al.|[2015]

Non-gravitational force model:

NRLMSISE-00 density model [Picone et al.| [2002] with solar activity inputs
from http://celestrak.com/SpaceData/ and estimated Cy per 24 hour arc.
Solar radiation pressure | Conical Earth shadow model [Lucchesi| 2002] with fixed Cg

Satellite model: R

Atmospheric drag

GRACE-A: 487.20 kg at BOL with changing mass history [Case et al.|[2002] |
PROBA-V: 138.00 kg

Cannonball model with corresponding reference areas

for GRACE-A [Bettadpur| 2012] and PROBA-V (Source: Qinetq Space).
Reference frame model: R

Precession, nutation,
polar motion and TAU 2000/2006 resolutions |Petit and Luzum| [2010]
Earth rotation

Mass

Surface model

Table 2.2: Description of the force models and measurement models used in precise orbit
determination and prediction (Position and velocity accuracy are used as weights in the
orbit determination. These conditions are applicable throughout this report unless stated
otherwise.)
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Section [2.2.2] This type of validation was also done by [Jaggi et al.| [2011].

Depending on the estimation scheme mentioned in Section [2.2.2] the following
prediction schemes/methods are considered for the thesis work to arrive at the drag scale
factor (Cy) for the prediction arc. This is done to determine the optimum prediction
method for the satellites based on the solar activity period (Section [2.5)):

e Estimation of single C,; per day:

— Using the C, of the previous day estimation as the Cy for the prediction arc.
This is referred to as ’Cy of previous day’ in this thesis

— Using the estimated Cj of the previous week to obtain a third order polyno-
mial fit. The C, for the prediction arc is then obtained by extrapolating the
polynomial. This is referred to as ’polyfit or polynomial fit of previous week
Cy’ in this thesis

— Using the mean value of the estimated C, of the previous week as the Cy for
the prediction arc. This is referred to as 'mean Cy of previous week’ in this
thesis.

e Estimation of multiple Cy per day:

— Using the last (i.e.most recent) Cy of the previous day estimation as the Cy for
the prediction arc. This is referred to as 'last C,; of previous day’ in this thesis.

— Using the mean value of the estimated Cj of the previous day as the C, for the
prediction arc. This is referred to as 'mean Cj of previous day’ in this thesis.

— Using the mean value of the estimated Cy of the previous week as the Cy for
the prediction arc. This is referred to as the 'mean C} of previous week’ in this
thesis.

— Using the estimated Cj of the previous week to obtain a third order polyno-
mial fit. The Cy for the prediction arc is then obtained by extrapolating the
polynomial. This is referred to as the ’polyfit or polynomial fit of previous
week Cj’ in this thesis.

For estimation using single C; per day, all the mentioned prediction methods are carried
out. However, this is not the case for estimation using multiple Cy per day. Since there
are 2 satellites, each with 4 different C; estimation schemes which in turn have 4 different
prediction methods, it would result in a total of 32 different computations. To reduce the
load on computation and subsequent analysis, a prediction metric is used to determine
if the prediction method is necessary for a given satellite and estimation scheme. For
a selected period (Section , the prediction metric PM, is defined as the root mean
square (RMS) value of the differences between the predicted Cy and the estimated Cy of
each day throughout the selected period. Mathematically,

PM = RMs(wd)p,i - <cd>e,i> (2:29)

where (Cy),; is the predicted Cy for the i day and (Cy)

i" day. When estimating multiple Cy; per day, the mean of all the estimated Cy of a day

- is the estimated C, for the

et
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Parameter type

Value

Orbit determination:

Estimation technique

Weighted least squares

Propagation method Cowell
Integration method Fourth order Runge-Kutta
Stepsize 5 seconds

Estimated parameters

Initial state and Cy

Inputs

Initial values of state vector and Cy,
force model and measurements

Outputs

Estimated Initial state, Cy
and resulting trajectory.

Resolution of estimated CYy

Single C, per day,
multiple Cy per day (2,3,4,and 8 Cy per day)

Validation

GPS state vector data

Orbit prediction:

Propagation method Encke
Integration method Fourth order Runge-Kutta
Stepsize 5 seconds

Estimated final state vector and
Inputs .

Cy of previous day, force model
Outputs Propagated trajectory

Prediction methods under
single Cy per day estimation

Cy of previous day,
Polynomial fit of previous week Cy,
Mean C} of previous week

Prediction methods under
multiple C,; per day estimation

Last C, of previous day,

Mean C} of previous day,

Mean C} of previous week,
Polynomial fit of previous week C,,

Validation

GPS state vector data

Table 2.3: Settings used for orbit determination and prediction. (These conditions are
applicable throughout this report unless stated otherwise.)
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is taken as the estimated C, for that day. The smaller the value of PM, the closer is
the predicted Cy to the estimated C; which in turn leads to better orbit prediction. The
application of this prediction metric is discussed in Chapter [

2.4 Software package information

The following software applications were considered for developing orbit determination
and prediction algorithms in this thesis: OREkit (ORbit Extrapolation kit) [Bernard
et al., 2015), GEODYN II (Orbital and Geodetic Parameter Estimation program) [Pavlis
et al., [1998, 2006] and TUDAT (TUDelft Astrodynamics Toolbox) [Kumar et al. 2012].
Since the use of OREKit required expertise in Java which was not familiar to the author,
the option of using OREKkit for this thesis was ruled out. Since GEODYN II is not open
source, it would restrict the application of developed algorithms in commercial enterprises
like Qinetiq Space. Hence, it was decided to use TUDAT for this thesis. Moreover, the
author was familiar with the framework of TUDAT which was made open source before
the start of the thesis. The TUDelft Astrodynamics Toolbox (TUDAT), developed and
maintained by the staff and students of the Astrodynamics and Space missions branch of
TUDelft, is a powerful set of C++ libraries used for astrodynamics and space research.
TUDAT includes a range of libraries, all the way from gravity models to numerical in-
tegrators and other mathematical tools which are combined into a simulator framework
that can be used for orbit computations. The following modules of TUDAT are used in
developing orbit determination and prediction algorithms.

Environment set up: This module creates the main and perturbing bodies in whose
gravity field a satellite describes its orbit.

Vehicle creation: This module defines the properties of the satellite such as its mass,
the behaviour of aerodynamic and radiation pressure coefficients.

Acceleration models set up: This module defines the main and perturbing accelera-
tions acting on the satellite such as the spherical harmonics of Earth’s gravity, solid Earth
tides, the third body perturbations, the acrodynamic and radiation pressure accelerations.

Propagation settings: This module defines the list of bodies and the origins with
respect to which these bodies are to be propagated, the initial Cartesian state to be used
and the termination conditions for propagation.

Estimation settings: This module defines the position and velocity observables of the
satellite with respect to Earth along with their standard deviations and the parameter
estimation vector for each estimation arc. It provides the stopping criterion for the least
squares estimation process and stores the results in a convenient file format.

These modules were customized to work with real data. Based on the request
to the software developer, features were created to include velocity observable and to
estimate multiple drag scale factors per estimation arc. The orbit determination and
prediction algorithms developed were validated using the highly precise ephemeris of the
GRACE-A satellite. MATLAB (MATrix LABoratory) software was used to post-process
the results of orbit determination and prediction.
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Figure 2.3: Chosen periods for orbit estimation and prediction. P1 = April - June, 2014
and P2 = March - May, 2017 [Source: http://celestrak.com/SpaceData/|

2.5 Selection of periods for orbit estimation and pre-
diction

The orbit estimation and prediction schemes/methods described in Sections and
are applied to two different periods of solar activity [Vallado|, 2001] for both satellites.
These two periods of different atmospheric density conditions can be used to evaluate the
drag force modelling used in the estimation and prediction schemes. Figure shows
the variation of the observed Fig 7 since the year 2000. Based on the avialability of GPS
state vector data of GRACE-A and PROBA-V, the following periods are chosen for data
processing: April to June, 2014 (91 days) and March to May, 2017 (92 days). These are
indicated by P1 and P2 in Figure 2.3l P1 and P2 are referred to as the chosen solar
maximum and chosen solar minimum respectively, in this thesis. P2 is chosen such that
the solar activity is minimum as well as the altitude of GRACE-A, which was nearing its
end of life, is high enough to make reasonably accurate orbit estimation and prediction
analysis. Mean value of Fg7 during P1 is 132.20 sfu and during P2 is around 76.31 sfu.
The mean altitude of the GRACE-A during P1 was 415.56 km and during P2 was 333.03
km. This difference in altitude counters the impact of minimum solar activity on the drag
signal of GRACE-A.

It was explained in Section that this thesis involves precise orbit determina-
tion and prediction for days without orbit manoeuvres. For GRACE-A, the sequence of
events file available at ftp://isdcftp.gfz-potsdam.de/grace/DOCUMENTS/TECHNICAL_
NOTES/| was used to find and remove the dates with orbit manoeuvres. Though PROBA-V
has no manoeuvres, there are certain dates in which its state vector data has gaps that
are detrimental to the orbit determination process. These gaps are possibly due to errors
in telemetry downlink. These dates are identified and removed by manual processing.
Besides these dates, there are a few other days without any manoeuvres or gaps that
produced huge position and velocity errors (i.e. outliers) during orbit determination and
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Dates | Problematic Data gap No. of orbits Includ(?d m
S.No. . . - . orbit
skipped satellite duration missed s .
prediction
None.
1 April 24 GRACE-A | CM calibration None. No.
during the day.
None.
2 April 18 PROBA-V Results in None. No.
huge outliers.
02:18 to
3 May 27 PROBA-V 09:38 hrs 4.20 No.
08:22 to
4 10:36 hrs 1.27
06:57 to
5 June 11 PROBA-V 10:35 Lrs 2.08 No.

Table 2.4: Analysis of skipped dates for orbit estimation during April - June, 2014 (mean
observed Fig7 = 132.20 sfu)

prediction processes. These were also removed to prevent skewing of the results. The
overview of all days that are excluded is listed in the column 'Dates skipped’ in Table
for chosen solar maximum (P1) and in Table [2.5|for chosen solar minimum (P2).

Since orbit prediction requires initial state and Cy from the estimation output
of previous day (Section , all the days subsequent to the 'Dates skipped’ in Tables
and are excluded from prediction. This also applies to the first days of P1 (April
1, 2014) and P2 (March 1, 2017). The days with data gaps that are not suitable for
orbit determination are analyzed to find the number of orbits missed due to the gap.
Mathematically,

Dat d ti 1
No. of orbits missed = ata gap duration (min)

2.
Corresponding satellite orbit period (min) (2:30)

The orbit period of the GRACE-A during P2 is 91.23 minutes. The orbit period of the
PROBA-V during P1 is 104.88 minutes and during P2 is 104.83 minutes. If the number
of orbits missed is greater than 2 which equals a data gap of more than 3 hours, then the
corresponding date is excluded from orbit prediction process. Results of this analysis are
presented in Tables 2.4 and 2.5] Additionally, for orbit prediction methods that involve
the estimated Cj of the previous week (see Section , the first seven days of P1 (April
1-7,2014) and P2 (March 1 - 7, 2017) are excluded from prediction.
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Dates | Problematic Data gap No. of orbits IIlCllld(.?d m
S.No. . . . . orbit
skipped satellite duration missed o e
prediction
] . 02:30 to .
1 March 13 | GRACE-A 09:31 hrs 4.61 No.
03:43 to
2 05:25 hrs 0.97
19:38 to
3 21:57 hrs 1.32
03:46 to
1 06:05 hrs 1.32
. 00:21 to
5 April 18 PROBA-V 06:21 hrs 3.43 No.
. 04:40 to
6 May 12 PROBA-V 09:51 hrs 2.96 No.
. 12:12 to B
7 May 22 PROBA-V 20:55 hrs 5.00 No.
None. Presence of No.inlti;::;lts
8 May 16 PROBA-V a few enormous None. e
. position and
fluctuations. .
velocity errors.

Table 2.5: Analysis of skipped dates for orbit estimation during March - May, 2017 (mean
observed Fyg7 = 76.31 sfu)
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Estimation and prediction with one
drag scale factor per day

This chapter focuses on the results and their interpretation for the case of orbit determi-
nation in which only one drag scale factor (Cy) is estimated per day. Orbit prediction is
then carried out using different prediction methods pertaining to one C, estimation per
day as defined in Section 2.3} Sections [3.1] and [3.2] provide the estimation and prediction
results, respectively, for both satellites (GRACE-A and PROBA-V) during the chosen
solar maximum, P1 and solar minimum, P2.

3.1 Results and interpretation of orbit estimation

Orbit determination was carried out for GRACE-A and PROBA-V satellites during the
selected periods P1 and P2 with the estimation of one drag scale factor (Cy) per day.
As explained in Section [2.5] certain days were skipped for estimation. For each esti-
mation arc (i.e. one day), the initial state vector and one Cy were estimated, yielding
resulting trajectory as the output. This process was repeated for successive estimation
arcs throughout P1 and P2. The validation was done as explained in Section and the
statistics of estimation for both periods are summarized in the Table[3.1{with the dominat-
ing error highlighted in red colour. The table shows, for GRACE-A, during both periods,
the RMS of position error in the along-track direction is larger than the error in other
directions. This can be interpreted as the mismodelling of drag force in the along-track
direction, which is not sufficiently absorbed by estimating one C; per day. The error in
the along-track direction is even larger during March - May, 2017 due to the low altitude
of GRACE-A (mean altitude = 333.03 km) than the period April - June, 2014 (mean
altitude = 415.56 km). The difference in altitude results in a higher atmospheric density,
which in turn leads to larger drag force in the along-track direction. This increase in
the density is not properly represented in the model, leading to larger along-track errors.
The table also shows that, for PROBA-V the RMS of position error in radial direction is
higher than the error in other directions. This can be explained by the fact that the effect
of the Vertical Dilution of Precision (VDOP) in the GPS state vector data is larger than
the effect of drag force at the altitude of PROBA-V. This is because almost all of the GPS
signals received by a LEO satellite come from above (i.e. radially outward) the satellite
altitude [Langley, 1999]. Though this is also true for the state vector data of GRACE-A,
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. Satellite . .RMS of RMS.Of 3D Position Mean
Period position error (m) velocity error (m/s) .

Name - . RMS (m) | estimated

Radial Along- | Cross- Radial Along | Cross- C

A track | track A track | track a
April to June, | GRACE-A | 0.92 5.83 0.59 | 0.0064 | 0.0009 | 0.0006 5.93 3.10 £+ 0.45
2014 PROBA-V 3.09 1.35 1.32 | 0.1128 | 0.0619 | 0.0391 3.63 1.85 £ 0.32
March to May, | GRACE - A | 1.99 18.54 1.05 | 0.0210 | 0.0018 | 0.0012 18.68 2.53 £ 047
2017 PROBA -V | 1.99 0.90 0.82 | 0.0305 | 0.0216 | 0.0114 2.34 1.30 + 0.28

Table 3.1: Results of estimation with 1 Cy per day.

the lower altitude of GRACE-A compared to PROBA-V results in a larger drag force,
which in turn results in a larger RMS of position error in the along-track direction.

The orbit estimation position errors of both satellites are shown in Figures
and along with solar and geomagnetic activity indices for the periods P1 and P2,
respectively. The gaps seen in the plots are due to the missing days that were skipped
for the estimation. For the period P1, the position error of GRACE-A shows a very low
positive correlation of 3 % and 4 % with the observed Fyo7 and the daily A,, respectively.
For the same period, the position error of PROBA-V shows a very low negative correlation
of 4 % and 2 % with the observed Fyo 7 and the daily A, respectively. The position errors
of PROBA-V indicate the presence of more noise compared to the results of GRACE-A.
This is true because, inherently the state vector data of PROBA-V is not as accurate
as that of GRACE-A (Table and this inaccuracy is propagated in the estimation
process according to the law of propagation of error [Langley, |1999]. Another factor that
can contribute to the noise is the GPS state vector data density of PROBA-V which is low
compared to that of GRACE-A (Table 2.1)). This results in less number of observations
per estimation arc which also affects the quality of the estimation. Besides, there are some
outliers in the position error plot of PROBA-V such as during May 20 and June 22, 2014.
These are probably due to single event upsets (SEUs) such as striking of a sensitive node
in a micro-electronic device on-board by an ionizing particle, which occurs at the altitude
of PROBA-V. These aspects can also be observed in the orbit estimation position errors

of PROBA-V during March - May, 2017 (Figure [3.2al).

During the period P2, the position error of GRACE-A shows a very low corre-
lation of 1 % and 6 % with the observed Fip7 and the daily A,, respectively. For the
same period, the position error of PROBA-V shows a -1 % and 1 % correlation with the
observed Fio7 and the daily A,, respectively. A small ’bulge’ in the position error of
PROBA-V can be observed during April 8-10, 2017. This is more likely due to a problem
with the state vector data of the satellite than the possibility of short-term disturbances
in the atmosphere, which are not represented in the density model. The overall along-
track error of GRACE-A is larger compared to that observed during P1 due to an altitude
difference of nearly 80 km for GRACE-A during P2. This altitude difference produces
changes in the drag force which are not properly represented in the model. This differ-
ence is not observed in the position error of PROBA-V as the altitude hardly changes
by 600 m between P1 and P2. The largest peak in the along-track error of GRACE-A
occurs on May 2, 2017 when there is no appreciable solar and geomagnetic activity. Upon
checking the sequence of events file, it was found that an attitude control manoeuvre had
been executed on that day. Since the magnitude of the manoeuvre was not so large, the
estimation process was able to characterize the manoeuvre. The correlations mentioned
above indicate that during both the periods, the position errors of neither satellites show
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Figure 3.1: Comparison of the orbit estimation (1 Cy per day) position errors of GRACE-
A and PROBA-V with solar and geomagnetic activity indices during April - June, 2014.
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Figure 3.2: Comparison of the orbit estimation (1 Cy; per day) position errors of GRACE-
A and PROBA-V with solar and geomagnetic activity indices during March - May, 2017.
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a correlation of more than 10 % with the observed Fjp7 and the daily A,. This might
indicate that the position errors observed in Figures and are due to the estima-
tion of just one C, per day, which is a mismodelling of the drag force experienced by the
satellites in a single day. The effect of the unmodelled forces in this thesis such as the
ocean tides also contribute to the overall position errors observed in these figures.

The estimated drag scale factors of both satellites for both periods are shown
along with the corresponding plots of solar and geomagnetic activity indices in Figure[3.3|
The estimated drag scale factors are satellite dependent. From the Figure [3.3] it can be
seen that the estimated drag scale factors (Cy) of the satellites show very good correlation
among themselves. The correlation coefficient between the drag scale factors of GRACE-
A & PROBA-V during April - June, 2014 comes to around 0.94. This value drops to 0.74
during March - May, 2017. Higher correlation during the chosen solar maximum (April
- June, 2014) can be attributed to the strong drag signal experienced by both satellites
compared to the chosen solar minimum (March - May, 2017). An interesting point to be
noted is the change in the mean value of the estimated Cy between the periods P1 and
P2 (Table B.1)). The Cy of GRACE-A changes from 3.10 to 2.53 and that of PROBA-V
changes from 1.85 to 1.30. Since the satellite specific parameters such as the shape and
surface properties remain the same between P1 and P2, a change in the C, indicates that
the variation of density due to solar activity has not been adequately incorporated in
the density model. This is discussed further in the multiple Cy estimation (Chapter [4]).
During the period P1, the estimated Cy of GRACE-A and PROBA-V show a correlation
of 33 % and 27 %, respectively with the observed Fiy; and a correlation of 10 % with
the daily A,. During the period P2, the estimated C; of GRACE-A and PROBA-V show
a correlation of 48 % and 49 %, respectively with the daily A, and a correlation of 3 %
with the observed Fiy7. Hence, correlations of more than 25 % are observed between the
estimated Cy and the observed Fig7 during P1 and between the estimated Cy and the
daily A, during P2. These correlations support the speculation that the estimation of
just one C, per day is not good enough to accurately model the drag force experienced
by the satellites in a single day. It is noted here that the estimated C,; can’t be used as
a pure scaling factor to study the density variation. Rather, it can be used for a more
general purpose such as orbit prediction for that particular satellite.

The NRLMSISE-00 atmosphere model has a separate subroutine (GTD7D) which
computes the effective mass density as a summation of thermospheric mass density and
the mass density of the anomalous oxygen component. This component accounts for
the contribution of non-thermospheric species such as the hot atomic oxygen and atomic
oxygen ions (OT) to the drag near the exobase altitudes. These species result from the
photochemical processes in the upper atmosphere [Picone et al., [2002]. In an attempt to
improve the results of orbit estimation, this subroutine was used for the orbit estimation
of GRACE-A and PROBA-V with 1 C; per day resolution during the chosen solar max-
imum and minimum. Results of this estimation are given in Table The 3D RMS
of the difference between the estimated position when including the anomalous oxygen
effect and when not including the anomalous oxygen effect is provided in Table It can
be seen that for both periods and for both satellites, the anomalous oxygen effect on the
estimated position error is not very significant. Moreover, the computation time increased
by more than two fold, which reduces the efficiency of orbit determination. Hence, the
subroutine GTD7D is not considered for further analysis.
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Figure 3.3: Comparison of the estimated drag scale factors (1 Cy per day) of GRACE-A

and PROBA-V with solar and geomagnetic activity indices during April - June, 2014 and
March - May, 2017.
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. RMS of RMS of .
Period Satellite position error (m) velocity error (m/s) 3D Position Mean
Name Alone | Cross: Aone- | Cross. RMS (m) estimated Cy
Radial | 20187 | MTOS | gy gia) | AHOmsT | oSS
track | track track | track
April to June, | GRACE-A | 0.92 5.83 0.59 | 0.0064 | 0.0009 | 0.0006 5.93 3.10 & 0.45
2014 PROBA-V | 3.09 1.35 1.32 | 0.1128 | 0.0619 | 0.0391 3.63 1.79 £ 0.33
March to May, | GRACE-A | 1.99 18.54 1.05 | 0.0210 | 0.0018 | 0.0012 18.68 2.53 £ 047
2017 PROBA-V | 1.99 0.90 0.82 | 0.0305 | 0.0216 | 0.0114 2.34 1.24 +0.25

Table 3.2: Results of estimation with 1 C; per day including the effect of anomalous
oxygen (AO).

Period Satellite name A E?;?pfsi\i/{:isoflf(m)
April to June, GRACE-A 0.0024
2014 PROBA-V 0.0070
March to May, GRACE-A 0.0050
2017 PROBA-V 0.0027

Table 3.3: Impact of anomalous oxygen.

3.2 Results and interpretation of orbit prediction

Orbit prediction was carried out for both satellites during the selected periods P1 and P2
using the outputs of the estimation process. All the three prediction methods that are
listed in the category of estimation using single Cy per day (Section [2.3]) were performed.
Figure 3.4 shows the comparison of the estimated and predicted drag scale factors during
periods P1 and P2 for both satellites. From Figure [3.4a], it can be seen that for both
satellites the drag scale factor obtained using the Cy of previous day closely follows the
estimated Cy. The prediction method that obtains the drag scale factor by fitting a third
order polynomial to the previous week Cy appears to have large variance in its output.
This shows that capturing the complex dynamics of Cy variation using polynomials is a
crude approximation. Similar trends are observed during the period P2 for both satellites
(Figure [3.4b). Worse orbit prediction performance is expected when the Cy is less well
predicted.

As explained in Section [2.5] certain days were skipped for prediction. For each
prediction arc (i.e. one day), the last state vector from the resulting trajectory of the
previous day estimation was used as the initial state. Depending on the prediction method,
the Cy for the prediction arc was obtained from the estimated parameters. This process
was repeated for successive prediction arcs throughout P1 and P2 to obtain propagated
trajectories which were validated using the GPS state vector data. Statistics of prediction
for both periods are summarized in Tables and for GRACE-A and PROBA-V
respectively. For a given prediction (i.e. propagation) arc, the error in the predicted orbit
increases steadily as the time progresses and reaches a maximum value at the end of the
arc. This value, which can be positive or negative, is called the maximum position error
of that arc. Throughout the entire selected period, a mean is computed for the absolute
values of the maximum position error of all the prediction arcs. This is called the mean
of maximum position error. Best and worst prediction methods are chosen on the basis of
the mean of maximum position error in the along-track direction. Best prediction method
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Mean of maximum Mean of maximum 3D RMS of
Period Prediction method | position error (m) velocity error (m/s) position error (m)
g Along- | Cross _...1 | Along- | Cross | Predicted | Estimated
Radial track | -track Radial track -track | orbit orbit
. 8.00 2.74 | 0.3810 | 0.0068 | 0.0031 209.16 5.93
April to June, pbolynomial fit of
2014 PO . : 12.24 | 611.05 2.77 | 0.6863 | 0.0095 | 0.0031 367.45 5.93
previous week Cy
mean Cq of 9.39 | 410.30 | 2.78 | 0.4606 | 0.0077 | 0.0032 248.18 5.93
previous week
17.24 5.28 | 1.1077 | 0.0143 | 0.0061 722.83 18.68
March to May, bolynomial fit of
2017 POy S 28.21 | 1634.16 5.32 | 1.8740 | 0.0213 | 0.0062 997.00 18.68
previous week CYy
mean Cy of 17.70 | 1031.15 | 5.30 | 1.1810 | 0.0140 | 0.0061 665.68 18.68
previous week

Table 3.4: Results of orbit prediction for GRACE-A using different C,; prediction schemes.

. . Mean of maximum Mean of maximum 3D RMS of
. Prediction e . e
Period position error (m) velocity error (m/s) position error (m)
method - -
Radial Along- | Cross- Radial Along- | Cross- | Predicted | Estimated
A48 track | track A48 track | track orbit orbit
. 18.42 7.98 | 2.3680 | 1.1219 | 0.8548 6.10 3.63
April to June, Polynomial fit of
2014 . \ 18.34 | 1553 | 7.98| 2.3356 | 1.1251 | 0.8466 7.39 3.63
previous week Cy
Mean Cyq of 18.35 | 13.96 | 7.98 | 2.3359 | 1.1251 | 0.8466 6.34 3.63
previous week
March to May, gd l(\)vf prg:f);i d?y 9.43 8.64 3.60 | 0.2062 | 0.0920 | 0.0638 4.26 2.34
2017 oynomal i o 946 | 9.03| 3.55| 0.2017 | 0.0905 | 0.0637 4.50 2.34
previous week Cy
9.46 3.55 | 0.2019 | 0.0905 | 0.0637 4.22 2.34

Table 3.5: Results of orbit prediction for PROBA-V using different C; prediction schemes.

is indicated by green colour and the worst method by red colour in Tables [3.4 and [3.5

For GRACE-A, the Table shows that the method of using the C, of previous
day for prediction turns out to be the best prediction method during both periods. The
prediction error during March - May, 2017 is much larger than the error during other
period due to the difference in altitude as is the case for the estimation error. For both
periods, prediction using a polynomial fit of the previous week Cj; turns out to be the
worst prediction method. During March to May, 2017, it can be seen that the prediction
using the Cy of previous day gives a mean maximum along-track position error of 967
m, which is 64 m less than the corresponding error for prediction using the Cy of the
previous week. However, it is interesting to note that, for the same period, prediction
using mean Cy of previous week gives a value of 666 m for 3D RMS of the position error
of predicted orbit, which is 57 m less than the corresponding error for prediction using
the mean Cjy of the previous day. [Jaggi et al. [2011] predicted the orbit of GOCE satellite
during 2009 when it descended (not a drag-free flight) to its final orbital altitude, by
estimating piece-wise constant accelerations for non-gravitational forces. The altitude of
GOCE during that period was between 275 and 265 km. For a prediction arc length of
24 hours, it resulted in a mean along-track error of 1089 m. Considering the difference
in altitude, the results obtained for GRACE-A (mean along-track error during March -
May, 2017: 967 m) using the best prediction method (Cy of previous day) are not as
good as the results of | Jaggi et al.| [2011]. This comparison will be further discussed in
Section 4.2l However, the orbit determination that precedes the prediction strategy used
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Figure 3.4: Comparison of the estimated drag scale factors (1 Cy per day) of GRACE-A
and PROBA-V with different prediction methods during April - June, 2014 (Figure |3.4al)
and March - May, 2017 (Figure (3.4b)).
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by Jaggi et al. [2011] involves estimation of 240 piece-wise constant accelerations besides
estimating the initial state and 3 empirical accelerations for a single day. This imposes
a huge computational load in comparison to the orbit determination strategy used in
this thesis. The problem of computational load becomes significant when considering
the on-board orbit determination and prediction for autonomous maintenance of satellite
formation. This is treated in more detail in the Chapter [6. The orbit determination
strategy of this thesis has a different data rate and accuracy of observations than the
orbit determination employed by |Jaggi et al. [2011]. These factors also contribute to the
difference in the orbit prediction accuracy. It should be noted that the lowest along-track
prediction error using the Cy of previous day, 340.4 m, does not satisfy the requirement
of 125 m mentioned in Section [I.3] Hence, to reduce the prediction error of GRACE-A,
estimation and prediction using multiple drag scale factors per day are required.

For PROBA-V, the prediction errors are much smaller compared to the GRACE-
A during both the periods P1 and P2. The Table|3.5|shows that during April - June, 2014
the prediction method using the Cy of the previous day turns out to be the best method,
while for the other period using the mean C,; of the previous week turns out to be the
best prediction method. This may be due to the low solar activity during March - May,
2017 which causes moderate density variations at PROBA-V altitude that can be best
represented by an average value of the drag scale factor per week. The prediction error
is larger during P1 than P2 due to increased drag from higher density which results from
higher solar activity. It can also be observed that the mean of maximum position error in
the radial direction is larger compared to other directions for both periods. Since orbit
prediction is based on the results of orbit estimation which, for PROBA-V, showed higher
RMS in radial direction (Table due to larger VDOP effect, the same is reflected in
the prediction results as well. During March - May, 2017, the prediction based on the
mean C, of previous week provides slightly better results (2.05 % more accurate) than
the prediction based on the Cy of the previous day. However, to compute the mean Cj,
of previous week, estimation has to be done for the previous week which results in more
computational load compared to obtaining the estimated C, of previous day. Hence, from
a computation point of view, it is recommended to choose the prediction method that
uses the estimated Cy of the previous day.

The orbit prediction position errors for the best and the worst prediction methods
are shown in Figures [3.5] and for periods P1 and P2 respectively. There are gaps in
the plots which are due to the days that were skipped for prediction and due to the
prediction method such as using a polynomial fit of the previous week C;. From Figures
[3.5a] and [3.5D] it can be seen that for both satellites, the best prediction method gives
along-track errors of less magnitude than the worst prediction method. This trend can
be observed in Figure [3.6l For PROBA-V, there are quite a number of days for which the
along-track error is larger than the radial error. These are the days when the effect of drag
is larger than the VDOP effect. Similar to the estimation, results of the orbit prediction
for both satellites show more number of large position errors during April 2014. For the
best prediction method, during P1, the orbit prediction position error of GRACE-A and
PROBA-V show low correlation of 12 % and -11 %, respectively with the daily A, index.
The outliers observed in the estimation output of PROBA-V are also reflected in both
the best and worst case prediction results.
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May, 2017 - best case and worst case scenario.
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The mean maximum position error (3D) of the predicted orbit is computed as,

(Mean max. position error)sp pred. = ((mean max. error)?,aq. prea+

N

(mean max. error)?,jong pred + (Mean max. error)®ioss, pred )

(3.1)

When using the estimated Cy of previous day for orbit prediction during April
to June, 2014, the mean maximum position error (3D) of PROBA-V becomes 24.08 m.
When using the estimated Cy of previous day for orbit prediction during March to May,
2017, the mean maximum position error (3D) of PROBA-V becomes 13.28 m. Hence,
for PROBA-V, it is sufficient to estimate the orbit using only one drag scale factor per
day and predict the orbit using the estimated C; of the previous day to achieve the
accuracy requirement of 125 m (Section . Nevertheless, estimation of multiple drag
scale factors for PROBA-V can still be done to see if it offers any further reduction of the
3D RMS of the position error. However, for GRACE-A, estimation and prediction with
multiple drag scale factors per day should be further investigated. It is expected that this
can further improve the prediction accuracy of GRACE-A in order to reach the 125 m
accuracy requirement.
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Chapter 4

Estimation and prediction with
multiple drag scale factors per day

It was pointed out in Chapter |3|that the estimation of multiple drag scale factors per day
will likely improve the orbit prediction of GRACE-A. This is because the drag force is
predominantly a 1 cycle-per-revolution (CPR) force as both the satellites pass through the
day side and the night side of the Earth in one orbit. The satellites also encounter density
variations due to the difference in altitude between the equatorial and polar regions. Due
to these changes in density, there can be variations in the gas-surface interaction at the
surface of the satellites which can alter the drag force. Not all variations are characterized
by the atmosphere model and the aerodynamic force model. To capture all these variations
sufficiently, estimation of multiple drag scale factors per day is required. The information
from this orbit estimation is then used in the prediction process. The results of these
processes are the focus of this chapter.

Section presents the results of estimation using multiple drag scale factors
per day for both satellites. It is shown that the estimation of multiple drag scale factors
does not improve the orbit accuracy of PROBA-V, and leads to unrealistic drag scale
factors. Section provides the results of prediction performed for GRACE-A using the
different prediction methods under multiple C,; estimation per day as briefed in Section
2.3l The section also provides an analysis of the results to determine the best prediction
method for GRACE-A for both periods P1 and P2.

4.1 Results and interpretation of orbit estimation

The procedure for estimation is similar to the one briefed in Section except that
multiple drag scale factors are estimated per day. A new feature in TUDAT, exclusively
created for this purpose, was used to conduct four different estimations with four different
resolutions of estimated drag scale factors: 2 C, per day, 3 Cy per day, 4 Cy per day and 8
Cy per day. Figures and compare the estimated drag scale factors of both satellites
under different resolutions with the solar and geomagnetic activity indices during periods
P1 and P2, respectively. Figures and show more peaks and an increased range
of variation in the estimated C; compared to the estimation of single C; per day shown
in Chapter [3] This is more prominent for the estimation using 8 Cy per day which
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results in unrealistic values for the estimated C; of GRACE-A. Both the figures
and show a periodicity in the estimated Cy of GRACE-A corresponding to three
solar rotations, each with a period of roughly 27 to 28 days. During P1, the estimated
C,; of GRACE-A show a 32 % correlation with the observed Fiq 7 for the resolution of 2
Cy per day. This correlation drops to 25 % for the resolution of 8 C,; per day. During
P2, the estimated C; of GRACE-A show a 39 % correlation with the daily A, for the
resolution of 2 C; per day. This correlation drops to 32 % for the resolution of 8 Cy per
day. The drop in correlation may be due to the increased resolution of the estimated C,
which, in part, reduces the mismodelling of the drag force experienced by GRACE-A.
From Figures [4.2a] and [4.2b], it can be observed that as the resolution of the estimated
C; of GRACE-A increases, the value of the outlier Cy on May 2, 2017, corresponding to
the attitude control manoeuvre of GRACE-A also increases. Comparing the value of the
estimated Cy obtained during the manoeuvre, using one C, per day resolution (Cy; = 3.6
(see Figure ) with the corresponding value obtained using 8 Cj; per day resolution
(Cq = 10), the Cy increases by a factor of more than 2.5. This is reflected as a significant
reduction of the estimation position error during the manoeuvre. Hence, an increased
resolution of the estimated C, is capable of absorbing the manoeuvre to some extent, if
the magnitude of the manoeuvre is not large enough to result in failure of the estimation
process. A more suitable solution would be to include the manoeuvre in the force model.

It can be seen from Figures 4.1al |4.1b] [4.2al and that when more than one
drag scale factor is estimated per day for PROBA-V, the resulting drag scale factors are
very unrealistic; negative drag scale factors can be observed for certain conditions. This is
the reason for not performing the estimation of 8 C; per day for PROBA-V. The estimated
drag scale factors of PROBA-V no longer show good correlation with the estimated drag
scale factors of GRACE-A, which was the case when one drag scale factor was estimated
per day (Section . This is due to the weak drag force experienced by PROBA-V at
its altitude which is sufficiently approximated by the estimation of one drag scale factor
per day. Hence, the results of orbit estimation position errors of PROBA-V with the
estimation of multiple Cy per day are not shown here.

Figures and [£.4) compare the orbit estimation position errors of GRACE-A
under different resolutions of estimated C; with the solar and geomagnetic activity indices
during periods P1 and P2, respectively. In comparison with the position errors of GRACE-
A obtained using one Cy per day estimation (Figure , the position errors obtained
using multiple Cy per day estimation show reduction by a factor of 2 to 3.5 (Figure .
As the resolution of estimated C, increases, the overall position error decreases. During
periods of high solar and geomagnetic activity, deviations from co-rotating atmosphere
model may occur. This might affect the velocity relative to the atmosphere, resulting in
slightly larger position errors [Panzetta et al., 2019]. The orbit estimation position errors
of GRACE-A hardly exhibit a correlation of 1 % with the solar or geomagnetic activity
indices during both periods P1 and P2 for all resolutions of the estimated C;. The most
prominent feature seen in Figures [4.4a] and [£.4D] is the reduction in the along-track error
during the manoeuvre on May 2, 2017. In comparison with the one C,; estimation per day
(Figure [3.2)) the along-track error reduces from 300 m to 60 m (i.e. 80 %) and accordingly
the estimated C} increases from 3.6 to 10.

Table summarizes the results of the multiple C; estimation of GRACE-A
for all the resolutions. During April - June, 2014, compared to the RMS of along-track
position error obtained from one C, per day estimation (Table , the RMS of along-
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(c) Variation of observed Fig.7 (top) and daily A, (bottom) during April - June, 2014.

Figure 4.1: Comparison of the estimated drag scale factors (Cy;) of GRACE-A and
PROBA-V under different resolutions, with the solar and geomagnetic activity indices
during April - June, 2014.
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(b) Estimation of 4 Cy per day (top) and 8 Cy per day (bottom) March - May, 2017.
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(c) Variation of observed Fig 7 (top) and daily A, (bottom) during March - May, 2017.

Figure 4.2: Comparison of the estimated drag scale factors (Cy;) of GRACE-A and
PROBA-V under different resolutions, with the solar and geomagnetic activity indices
during March - May, 2017.
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(a) Orbit estimation position errors of GRACE-A with 2 Cy per day resolution (top) and 3 Cy per day
resolution (bottom) during April - June, 2014.
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T T T T T T T T T T T T 1 T T T T T T T T
igmn jv\/\/\ |
w40 |- /\/—/—/\\
£ - ~ \_\&

e —

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | 1 1
80
01-Apr-2014 11-Apr-2014 21-Apr-2014. 01-May-2014 11-May-2014 21-May-2014 31-May-2014 10-Jun-2014 20-Jun-2014 30-Jun-2014

40 T T T T T T T T T T T T T

o
01-Apr-2014 11-Apr-2014 21-Apr-2014. 01-May-2014 11-May-2014 21-May-2014 31-May-2014 10-Jun-2014 20-Jun-2014 30-Jun-2014

3
8

Dally A (nT)
8

o

(c) Variation of observed Fig.7 (top) and daily A, (bottom) during April - June, 2014.

Figure 4.3: Comparison of the orbit estimation position errors of GRACE-A under dif-

ferent resolutions of estimated C;, with the solar and geomagnetic activity indices during
April - June, 2014.
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Figure 4.4: Comparison of the orbit estimation position errors of GRACE-A under dif-
ferent resolutions of estimated Cy, with the solar and geomagnetic activity indices during
March - May, 2017.
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Period Resolution of positf({)lr\l/lirl?(f)‘r (m) veloci]t;;lvtlefr(?f (m/s) 3D Position Mean
estimated Cj Alone. | Crose: Alone- | Crose RMS (m) estimated Cj

Radial | 0187 | MO Radial | ©ONET | 10N

track track track track
2 Cy4 per day 0.82 2.81 0.59 | 0.0028 | 0.0008 | 0.0006 3.00 3.10
April to June, 3 Cy per day 0.80 2.11 0.59 0.0018 | 0.0008 | 0.0006 2.33 3.09
2014 4 Cy per day 0.79 1.79 0.59 | 0.0013 | 0.0008 | 0.0006 2.05 3.08
8 Cy per day 0.78 1.64 0.59 | 0.0011 | 0.0008 | 0.0006 1.91 3.09
2 Cy per day 1.57 7.13 1.05 0.0076 | 0.0016 | 0.0012 7.37 2.53
March to May, | 3 C, per day 1.54 5.73 1.05 | 0.0059 | 0.0016 | 0.0012 6.02 2.56
2017 4 Cy per day 1.52 5.50 1.05 | 0.0056 | 0.0016 | 0.0012 5.81 2.55
8 Cy per day 1.38 3.27 1.05 0.0026 | 0.0015 | 0.0012 3.70 2.52

Table 4.1: Results of estimation with multiple Cy per day for the satellite GRACE-A.

track position error obtained from 2 C, per day estimation shows a reduction of 52 %.
This reduction increases to 72 % for 8 Cy per day estimation. Similar trends can be
observed during the period P2. The along-track error during March-May, 2017 is higher
than the error during April-June, 2014 due to the low altitude of GRACE-A. It is to be
noted that the difference between the along-track error and the error in other directions
has reduced compared to the results obtained from one Cj; per day estimation. This is an
indication that estimating multiple Cy; per day better characterizes the variations of drag
force within a day. The difference between the mean estimated C; during April to June,
2014 and March to May, 2017 ranges between 0.5 and 0.6, a relative difference of 17.75 %.
Similar to the results of estimation with one C; per day, this difference is observed in spite
of including the solar activity variation in the NRLMSISE-00 model (Section . This
indicates an inadequacy of the atmosphere model in representing the density variations
due to solar activity.

Figure shows the variation of the 3D RMS of position error for GRACE-A
and PROBA-V with the number of estimated drag scale factors per day and the variation
of the minimum and maximum values of the estimated C; of GRACE-A between the
periods P1 and P2. From Figure [4.5a] it can be seen that the 3D RMS of position error
of GRACE-A decreases with the number of estimated drag scale factors per day, in an
exponential fashion. Though the 3D RMS of position error can be expected to decrease
when the number of estimated drag scale factors per day is increased to 12, the reduction
will not be very appreciable. Hence, it is decided not to proceed with the estimation of 12
drag scale factors per day. Figure [.5dshows the variation of the minimum and maximum
values of the estimated C; of GRACE-A with the number of estimated drag scale factors
per day from which the outlier C; corresponding to the manoeuvre on May 2, 2017 has
been removed. It can be observed that for both periods P1 and P2, the difference between
the minimum and the maximum estimated C} increases with the resolution, suggesting
that the estimated C; becomes unrealistic with the increasing resolution. The 3D RMS
of position error of PROBA-V (Figure shows very little change with the increasing
resolution. The 3D RMS of the difference between the estimated position of PROBA-V
for the resolution of 4 C; per day and for the resolution of 1 Cy per day comes to around
0.23 m during P1 and 0.17 m during P2. Since the difference is hardly a metre and there
is a possibility of obtaining negative drag scale factors during the selected periods, it is
decided not to use the results of multiple Cy estimation per day for the orbit prediction
of PROBA-V. From Section [3.2], it can be seen that using the estimated Cy of previous
day with an estimation resolution of 1 Cy per day for orbit prediction of PROBA-V has
a position error no more than 25 m, which is much lower compared to the requirement of
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. . Prediction Metric (PM)
Period Prediction method 2 Cy per day | 3 Cy per day | 4 Cy per day | 8 Cy per day
0.27
April to June, 0.25 0.24 0.24

2014 Mean Cj of previous week 0.38 0.38 0.38 0.37
Polynomial fit of 0.40 0.33 0.30 0.31

previous week Cy
March to May, | Mean Cy of previous day 0.47 0.48 0.47 0.38
2017 Mean Cy of previous week 0.46 0.47 0.47 0.42
Polynomial fit of 0.66 0.60 0.56 0.44

previous week Cy

Table 4.2: Values of the prediction metric (PM) for different resolutions of estimated Cy
and for different prediction methods.

125 m mentioned in Section [I.3] Hence, it can be concluded that for the orbit prediction
of PROBA-V, it is sufficient to make use of the estimated Cy of the previous day with an
estimation resolution of 1 C; per day, for both periods of solar activity.

4.2 Results and interpretation of orbit prediction

The accuracy of orbit prediction depends on the accuracy of the force model used, the
numerical integrator employed, the accuracy of the initial state which depends on the
accuracy of the resulting trajectory of orbit estimation and a realistic estimate of drag
scale factor. Hence, orbit prediction results can also be used as a measure of the quality
of orbit determination. Using the results of the multiple Cy estimation per day, orbit
prediction was carried out for periods P1 and P2, according to the procedure described in
Section [2.3] As explained in Section [2.5] certain days were skipped for prediction based
on the availability of the estimation results and the prediction methods used. The values
of the prediction metric (PM) were computed to compare the various prediction methods
under multiple Cy estimation. Table [4.2| provides the prediction metric (PM) for different
resolutions of estimated Cy and for different prediction methods during both periods of
solar activity. For each resolution, the lowest prediction metric is highlighted in green
colour for both periods. Among the 32 possibilities, only these 8 selected predictions are
carried out from which the optimum prediction method for each period is determined.
From the table, it can be seen that during April to June, 2014, prediction using the last
estimated Cj of the previous day turns out to be the best prediction method except when
using the results from the estimation resolution of 8 C; per day for which prediction using
the mean C} of the previous day is the optimum method. During March to May, 2017,
for all resolutions of estimated Cy, prediction using the last estimated C, of the previous
day turns out to be the optimum prediction method.

Figures 4.6| and show the comparison of the drag scale factors obtained from
the estimation and the 4 different prediction methods, across all estimation resolutions
during the periods P1 and P2, respectively. From Figure[4.6], it can be seen that prediction
using the polynomial fit of previous week C,; has lower PM compared to prediction using
the mean Cj of previous week, except for the 2 Cy per day resolution. This is because with
a larger number of estimated Cy per day there are more data points in a given interval
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resolutions with their corresponding prediction methods during April - June, 2014. (The
value of prediction metric (PM) is mentioned in parentheses in the legend.)
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. . Mean of maximum Mean of maximum 3D RMS of
Resolution of | Selected prediction .. . s
. position error (m) velocity error (m/s) position error (m)
estimated Cy method . -
Radial Along- | Cross- Radial Along- | Cross- | Predicted | Estimated
AU rack track A rack track | orbit orbit
1 Cy per day Last Cy of 8.00 | 340.39 | 2.74 |0.3810 | 0.0068 | 0.0031 | 209.16 5.93
the previous day
2 Oy per day Last Cq of 7.35 | 27178 | 274 | 0.3035 | 0.0064 | 0.0031 | 170.20 2.99
the previous day
3 Oy per day Last Gy of 7.37 | 261.60 | 275 | 0.2921 | 0.0065 | 0.0031 | 156.50 2.33
the previous day
4 C, per day Last Cy of 7.25 | 24347 | 2.75 | 0.2716 | 0.0065 | 0.0031 | 148.80 2.05
the previous day
8 Oy per day Mean Cy of 7.66 | 284.98 | 273 | 0.3185 | 0.0066 | 0.0031 | 177.77 1.91
the previous day

Table 4.3: Results of orbit prediction for GRACE-A using different resolutions of the
estimated Cy, during April - June, 2014.

Resolution of | Selected prediction Mean of maximum Mean of maximum 3D RMS of
estimated (' mei)hod position error (m) velocity error (m/s) position error (m)
d Radial Along- | Cross- Radial Along- | Cross- | Predicted | Estimated
adial | ack track adial | ack track orbit orbit
1 Cy per day 1111?21;312{15 week | 1770 | 103115 | 530 | 1181 | 0.0140 | 0.0061 | 665.68 18.68
2 C, per day %}?:tpfedviocfus day 14.22 | 677.38 5.29 | 0.7751 | 0.0122 | 0.0061 522.25 7.37
3 €y per day Ltij Iizv(;im day | 1292 | 55285 | 528 | 0.6321 | 0.0113 | 0.0061 | 455.21 6.02
4 Cy per day Ltzlllit pC;ZVOif)us dav 12.39 | 525.71 5.27 | 0.6008 | 0.0109 | 0.0061 444.78 5.81
8 Cy per day Lt‘;f; iiﬁius day | 1389 | 61014 | 528 107328 | 0.0116 | 0.0061 | 46119 3.70

Table 4.4: Results of orbit prediction for GRACE-A using different resolutions of the
estimated Cy, during March - May, 2017.

for fitting a third order polynomial. This makes it possible to better characterize the
Cy variation than computing an average Cy per week. From Figure 4.7 it can be seen
that prediction using the mean C, of previous week has lower PM than the prediction
using the mean C, of the previous day, except for the 8 Cy per day resolution. Though
it is an interesting variation compared to the C,; variations during the period P1, it is
not relevant for this thesis. The figure also shows that the manoeuvre on May 2, 2017
is closely followed by the curves of the methods "polynomial fit of previous week C;’ and
‘'mean Cy of previous day’.

Figures and 4.9 show the results of the selected orbit prediction cases (Table
during the periods P1 and P2, respectively. In both figures, a gradual reduction
in the along-track error component can be observed with the increasing resolution of
estimated C,; except for the resolution of 8 C; per day. During both periods P1 and
P2, for the resolution of 4 C,; per day, the magnitude of the along-track error peaks is
smaller compared to the magnitude of the along-track error peaks of other resolutions.
This suggests that a mere increase in the resolution of estimated Cy does not always result
in better predictions. A very low correlation of 8 % is observed between the prediction
position errors of GRACE-A and the observed Fqg 7 during P1 for the resolutions of 4 and
8 Cy per day. This correlation drops to 6 % during P2.

Tables [4.3and [4.4] show the results of these 8 selected prediction cases along with
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Figure 4.7: Comparison of the estimated drag scale factors of GRACE-A under different
resolutions with their corresponding prediction methods during March - May, 2017. (The
value of prediction metric (PM) is mentioned in parentheses in the legend.)
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Figure 4.9: Orbit prediction position errors of GRACE-A under different resolutions of
estimated Cy during March - May, 2017.
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Parameter GRACE-A SAOCOM-CS PROBA-V

Altitude (km) A415.56 619.60 812.68
Orbital
velocity (kms) 7.66 7.55 7.45
Mass (kg) 464.30 400.00 133.00
Reference 1.0013 3.7700 1.1314
area (m?)
Density (kg/m?) 4137102 2.44%10° 5 25210

Table 4.5: Parameters considered for rule of thumb analysis (Date used: April 1, 2014)

the results from prediction using one drag scale factor per day (Section. During March
- May, 2017, for the estimation resolution of 1 Cy per day, the method of using the mean
C, of the previous week has been selected as it gives the least 3D RMS of position error of
the predicted orbit. Because of the low altitude of GRACE-A, the prediction errors during
P2 are larger than the errors during P1. The optimum prediction method for the periods
is chosen based on the mean of maximum position error in the along-track direction and
the 3D RMS of position error of the predicted orbit. Figure 4.10] shows the variation of
these quantities with the number of estimated C, along with the corresponding prediction
method during the periods P1 and P2. During both periods, it can be seen that both
these quantities reach a minimum value for the estimation resolution of 4 C; per day with
the prediction method being the use of last estimated Cj of the previous day. Hence, this
combination of estimation and prediction proves to be the best prediction strategy for
GRACE-A for both periods P1 and P2.

Though the resolution of 8 Cy per day gives the lowest value for the 3D RMS of
the estimated position (Figure which translates to an improvement in the estimate
of the initial state, it does not necessarily give better prediction results compared to 4
Cy per day estimation. This is because the 4 Cy per day resolution gives more realistic
estimates for the drag scale factors. This leads to the interpretation that beyond a certain
resolution, the estimated Cy contributes more to the quality of orbit prediction than the
initial state. Hence, for better orbit prediction, the models used in the computation of
aerodynamic acceleration (satellite geometry, gas-surface interaction and thermosphere
models) should be improved instead of increasing the resolution of the estimated Cy. The
prediction strategy used by |Jaggi et al| [2011] for GOCE satellite during 2009 gave a
mean along-track error of 1089 m for an altitude range of 275-265 km with a prediction
arc length of 24 hours. In comparison, the best prediction strategy for GRACE-A during
March - May, 2017 results in a mean along-track error of 526 m for an altitude of 333
km with a prediction arc length of 24 hours. Considering the difference in altitude and
satellite specific drag coefficient, an error of 526 m is comparable to the results obtained
by Jaggi et al.| [2011].

4.3 Interpolating the results for orbit prediction of
SAOCOM-CS

This section presents a rule of thumb analysis for obtaining the maximum position error
in the predicted orbit of SAOCOM-CS for a prediction arc length of one day. Since there
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Figure 4.10: Variation of 3D RMS of position error and mean maximum along-track error
of the predicted orbit with the estimation and prediction techniques, during April - June,
2014 (top) and March - May, 2017 (bottom).

. Maximum position Maximum position

Satellite . . . .
Acceleration ratio error from linear | error from exponential

name . . . .

interpolation (m) interpolation (m)
GRACE-A 1.00 (baseline) 243.50 243.50
SAOCOM-CS 0.25 75.59 41.32
PROBA-V 0.02 24.10 24.10

Table 4.6: Results of the rule of thumb analysis
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Chapter 4 Interpolating the results for orbit prediction of SAOCOM-CS

is no orbit data available for SAOCOM-CS or any other satellite at the same altitude
(619.60 km), some assumptions are used to arrive at the maximum position error of the
predicted orbit. Table lists the parameters of the three satellites that are used in
the rule of thumb analysis. The NRLMSISE-00 atmosphere model is used to obtain the
density at the respective altitudes of the satellites on April 1, 2014, the date used for the
analysis. This day has high solar activity and therefore presents a conservative estimate of
the maximum position error. The magnitude of the acceleration due to drag force acting
on the satellite is given by,

1 Aref

Fp| = 2P

where p is the atmosphere density, A, is the reference area for drag force, M is the mass
of the satellite, C, is drag coefficient of the satellite, v, is the magnitude of the relative
velocity and |V,| is a unit vector. Assuming the orbital velocity as the relative velocity
and substituting the relevant parameters from Table [£.5] the drag acceleration acting on
the satellites becomes,

Cyqv? [, (4.1)

iplg = (Ca)g (2.613%1077) (4.2)
ipls = (Ca)g (6.55 % 107°) (4.3)
liplp = (Ca)p (5.733%1077) (4.4)

where |¥p|q, |Fplg and |fp|p are the drag accelerations of GRACE-A, SAOCOM-CS &
PROBA-V respectively and (Cq)g, (Ca)g and (Cy)p are the drag coefficients of GRACE-
A, SAOCOM-CS & PROBA-V respectively. Assuming (Cq)q = (Ca)g = (C4q)p, the ratio
of drag acceleration becomes,

Fols _ (.95 (4.5)
Fplg
Fole _ 02 (4.6)
Fple

in which the drag acceleration of GRACE-A is considered as baseline. Using Equation
and Table , the maximum position error of GRACE-A for the best prediction
method during the chosen solar maximum (April - May, 2014) is obtained as 243.5 m.
Similarly, for PROBA-V, the maximum position error during the same period is obtained
as 24.1 m. Using MATLAB, a first order polynomial model (y = az + b) and a
single-term exponential model (y = a exp(bx)) are fit, considering the ratio of drag
acceleration as x and the maximum position error as y. Evaluating the constants a and
b for both models and employing the drag acceleration ratio of SAOCOM-CS as input,
the maximum position error is obtained as 75.59 m for the first order polynomial model
and 41.32 m for the exponential model. The results are summarized in Table [4.6] Hence,
based on the rule of thumb analysis, when the best prediction strategy of GRACE-A
is used for SAOCOM-CS, the resulting maximum position error, considering linear and
exponential interpolation, is still within the requirement of 125 m.
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Chapter 5

Effects of space weather forecast
errors on satellite orbit prediction

The orbit prediction strategies discussed in Chapters |3 and {4 make use of the observed
space weather indices (Fip7 and A,) of the prediction arc, as mentioned in Section .
However, real world orbit prediction involves the use of forecast values of Fi97 and A,.
The major driving factors of the thermospheric neutral density are the Extreme Ultra
Violet (EUV) and particle (solar wind) radiation from the Sun. The dynamic state of
the thermosphere depends on the relative forcing between these inputs. Geomagnetic
storms, which are a result of energy transfer between the solar wind and thermosphere
mainly at high latitudes, account for about 20 % of thermospheric heating [Marcos et al.,
2010]. The occurrence of these storms are episodic and unpredictable. Marcos et al. [2010]
provides a short account of the thermospheric density response at 400 km altitude to the
geomagnetic superstorm of 2004.

Research in the area of density modelling indicates imperfect correlations be-
tween Fio7, A, and density, which is a large source of error. The proxies are ground-
based measurements, with a limited temporal and spatial sampling. By their very nature,
they are not truly representing the processes happening at the satellite altitude [Doornbos
et al.||2007]. Because of these limitations, even accurate forecast of Fyg 7 and A, will result
in inaccurate orbit propagation. This demands the need for new thermospheric models
with more accurate solar and geomagnetic indices. The new model Jacchia-Bowman 2006
(JB06) has 3 components in solar indices: EUV (Extreme Ultra Violet) measurements
in the 250-300 nm range from the Solar & Heliospheric Observatory (SOHO) satellite,
FUV (Far Ultra Violet) MglI data (from Solar Backscatter Ultraviolet spectrographs on
Nimbus satellites) and Fyg7. An improved model, Jacchia-Bowman 2008 (JB08) based on
JB06, has a new index called Dst (disturbance storm time) index for geomagnetic storms.
Another important factor not included in the NRLMSISE-00 model is the change in ther-
mospheric density of 5 % per decade due to climate change. This is due to the transport
of the greenhouse gases to the lower thermosphere [Marcos et al., 2010, [Panzetta et al.,
2019]. For the case of satellite orbit prediction, the empirical model used has to rely on the
imperfect forecasts of the already inadequate space weather proxies. This calls for a need
to improve the forecast of the space weather indices that describe thermospheric heating
[Doornbos and Klinkrad, 2006, Marcos et al., [2010]. |Schiemenz et al. [2019] derived a
universal analytic approximation of density uncertainty caused by uncertainty in solar
EUV flux. This was done by ascertaining the sensitivity of the exospheric temperature
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Chapter 5 Effect of error in solar radio flux forecast

Period Mean % error in
r1 F.7 forecast
April, 2014
(extrapolated) 1070
April, 2016 7.78
March, 2017
(interpolated) 640
November, 2018 4.01
May, 2019 457

Table 5.1: Mean percentage error in the Fyq 7 forecast obtained from various space weather
files

to the changes in the daily solar flux input.

This chapter deals with the effects of forecast errors in 147 and A, indices on the
results of orbit prediction of GRACE-A and PROBA-V. This is accomplished by carrying
out the orbit predictions using predetermined errors in the indices. The best prediction
strategies of GRACE-A and PROBA-V are used. Hence, for GRACE-A, the estimation
results of 4 C; per day are used along with prediction using the last estimated C,; of
previous day and for PROBA-V, the estimation results of 1 C,; per day are used along
with prediction using the estimated Cy of previous day. Data regarding Fi7, A, indices
and geomagnetic storms were obtained from https://celestrak.com/SpaceData/| and
https://www.swpc.noaa.gov/sites/default/files/images/u2/Usr_guide.pdf. Sec-
tion presents a method of arriving at the predetermined error for Fig 7 index and the
results of this error on orbit prediction. Section provides the effect of random varia-
tions in A, index on orbit prediction as well as the performance of the orbit prediction
method during various categories of geomagnetic storms.

5.1 Effect of error in solar radio flux forecast

Three archived space weather files pertaining to April 2016, November 2018 and May
2019 were obtained. Each file included a 44 day forecast of the Fip7 index. The forecast
values of the first seven forecast days were compared with the corresponding observed
values of Fig7. These differences were translated in terms of percentage errors and are
shown in Figure[5.1al A positive percentage error indicates a higher value of forecast Fy 7
than the observed Fio7. The absolute values of the mean percentage errors in the Fyg 7
forecast for the first seven forecast days are obtained. The mean values thus obtained are
extrapolated and interpolated to obtain the absolute value of mean percentage error in the
F1o.7 forecast during April 2014 and March 2017. These results are summarized in Table
and are shown in Figure [5.1b] From the figure, it can be observed that the mean
percentage error in Fiq; forecast decreases and reaches a minimum during November,
2018. This is because during periods of high solar activity (April, 2014) variations in the
thermospheric heat inputs are hard to predict.

The period P1 (April - June, 2014) is used to test the error in Fyq 7 forecast for
both satellites as the mean percentage error during April 2014 (10.70 %) is higher than
the error during March 2017 (6.40 %). The initial state for GRACE-A is obtained from
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(a) Difference between the forecast and observed solar radio flux for first 7 forecast days in 2016, 2018 and
2019 (Positive values indicate a higher value of forecast F19.7 than the observed).
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Chapter 5 Effects of error in geomagnetic activity forecast

Case Satellite name Mean of maximum 3D RMS of
along-track error(m) | predicted orbit (m)
Nominal GRACE-A 243.47 148.80
PROBA-V 13.30 6.09
Positive 10% GRACE-A 356.00 203.86
error in Figr; PROBA-V 13.87 6.26
Negative 10% GRACE-A 392.28 226.22
error in Fig 7 PROBA-V 15.75 7.45

Table 5.2: Change in orbit prediction errors in response to change in Fq7 during April -
June, 2014.

the output of 4 C,; per day estimation and the last estimated C,; of previous day is taken
as the drag scale factor for predicted orbit. For PROBA-V, the initial state is obtained
from the output of 1 Cj per day estimation and the estimated Cy of previous day is taken
as the drag scale factor for prediction. Both positive and negative mean percentage error
in Fyp7 index are included in the density model as follows,

F10.7 = F10.7(ObS) + 0.10 % F10.7<0b8) (51)

Fio7 = Fip7(0obs) — 0.10 % Fig.7(0bs) (5.2)

where Fig7(0bs) is the observed value of Fyg; for the corresponding prediction arc. Figure
[5.2] shows the orbit prediction position errors for both satellites for both cases. From the
figure, it can be seen that for a +10 % error in Fyg 7, the overall along-track error in the
predicted orbit of GRACE-A is positive, indicating that the satellite would lag behind in
its orbit due to higher drag. For a -10 % error in F;g7, the overall along-track error in
the predicted orbit of GRACE-A is negative, indicating less drag force. Similar results
are observed for PROBA-V, but with much smaller along-track error.

The results of both prediction cases are listed in Table [5.2] Statistics of radial
and cross-track error components are not shown as they don’t exhibit significant variation.
PROBA-V shows a maximum of 2.5 m increase in the along-track error corresponding
to -10 % error in Fig7 whereas the along-track error of GRACE-A increases by 61 %
corresponding to -10 % error in Fig7. It is interesting to note that both satellites show
a larger prediction error for the negative percentage error in Fig7 than for the positive
percentage error. Further investigation of this aspect is beyond the scope of this thesis.
Since the forecast error in Fyg7 during March 2017 is 6.4 % (Table which is less than
10 %, it can be concluded that the position error of predicted orbit during March to May,
2017 will be within the limits specified by the values given in Table for PROBA-V as
there is not much change in its altitude. For GRACE-A, the position error of the predicted
orbit is expected to increase during P2. This occurs in spite of the lower forecast error
in Fig7 (6.4 %) as the altitude of GRACE-A is lower (333 km) than its altitude during
P1 (415 km). For applying the orbit prediction method to any arbitrary period, the
corresponding forecast error in solar radio flux should be taken into account for realistic
position errors of predicted orbits.
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Figure 5.2: Orbit prediction position errors of GRACE-A and PROBA-V due to error in
the forecast of Fyg 7
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5.2 Effects of error in geomagnetic activity forecast

The method of interpolation and extrapolation described in Section can’t be used to
arrive at predetermined error values for the A, forecast index. Attempts to do so resulted
in unrealistic forecast errors. This is because the A, index is harder to predict than
the Fio7 index due to the complexity of the geomagnetic process. Figure shows the
observed and forecast values of geomagnetic activity in terms of A, index. The effect of
error in A, forecast on orbit prediction is ascertained by introducing random variations
in A, in the density model throughout the testing period. Both P1 (April - June, 2014)
and P2 (March - May, 2017) are considered for testing. Additionally, three successive
days during P2 with low levels of geomagnetic activity are chosen for which 4 categories
of geomagnetic storms are introduced in the density model to study the effect on orbit
prediction.

Effect of random variations in A:

For each day of the testing period, a simple random number generator is used
to create 600 samples of Aj,. During P1 these samples are created based on the mean and
standard deviation of 8.8 nT and 6.16 n'T, respectively and during P2 these samples are
created based the mean and standard deviation of 13.3 nT and 9.31 nT, respectively. The
mean and standard deviation of the simulated A, are chosen based on trial and error to
get a distribution of A, as shown in Figure 5.4, Out of these 600 samples, one value is
chosen based on the day of the year corresponding to the prediction arc. This modified
A, is input to the density model which is used for prediction. Figure shows the
orbit prediction position errors of both satellites due to random variations in A, forecast
during P1 and P2. For both satellites, during P2 the along-track error is the dominant
error component. During P1, there are two noticeable peaks in the along-track error
of both satellites on April 13 & 22, 2014 which might suggest geomagnetic activity not
captured in the A, properly (Figure . Both satellites show peaks in their along-track
error on May 28, 2017 for which there is no appreciable change in A, suggesting the peaks
might be due short term disturbances in the atmosphere, not modelled by A, index.

Statistics of these predictions are provided in Table [5.3] From the table, it can
be observed that the random variations in A, index don’t create much changes to the
prediction of PROBA-V. However, for GRACE-A, the random variations in A, increase
the along-track error by a factor of 0.82 during P1 and by a factor of 1.26 during P2.

Effect of geomagnetic storms:

Three days (May 19 - 21, 2017) with low levels of geomagnetic activity are chosen
during the period P2. For each of these three days, the value of observed A, is altered
to simulate 4 categories of geomagnetic storms: minor storm ( 35 < A, < 59 ), moderate
storm ( 60 < A, < 99 ), strong storm ( 100 < A, < 159 ) and severe storm ( 160 < A,
< 309 ). These values are used in the density model to simulate corresponding density
spikes. Figure [5.5 shows orbit prediction along-track errors of both satellites during the
different categories of storms. As expected, for GRACE-A the error is maximum for the
severe storm and minimum for minor storm on all three days. However, some peculiarities
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Figure 5.4: Orbit prediction position errors of GRACE-A and PROBA-V due to random

error in the forecast of A,
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Poriod Case Satellite Mean of maximum 3D RMS of
name along-track error (m) | predicted orbit (m)
Nominal GRACE-A 243.47 148.80
April to June, PROBA-V 13.30 6.09
2014 Random GRACE-A 443.10 255.39
variation in A, | PROBA-V 14.85 7.30
Nominal GRACE-A 525.71 444.79
March to May, PROBA-V 8.64 4.26
2017 Random GRACE-A 1191.40 708.97
variation in A, | PROBA-V 8.56 4.28

Table 5.3: Change in orbit prediction errors in response to random variation in A,

Case Satellite Mean of maximum 3D RMS of
name along-track error (m) | predicted orbit (m)
No storm GRACE-A 291.04 156.18
PROBA-V 8.90 4.14
Minor storm GRACE-A 1328.20 643.53
(35 <A, <59) |PROBAV 6.52 3.56
Moderate storm GRACE-A 2081.40 964.58
(60 <A, <99) PROBA-V 5.43 3.35
Strong storm GRACE-A 3607.20 1634.40
(100 < A, <159 ) | PROBA-V 7.70 3.40
Severe storm GRACE-A 6226.10 2815.10
(160 < A, <309 ) | PROBA-V 14.85 5.60

Table 5.4: Change in orbit prediction errors in response to geomagnetic storms during
May 19 to 21, 2017.

can be observed in the results of PROBA-V. For the case of moderate storm, the along-
track error is even smaller than the nominal case. The short period variations seen in the
error plot of PROBA-V correspond to the 1 cycle-per-revolution (CPR) nature of drag
force. Such variations are difficult to observe in the plot of GRACE-A because of the
larger scale of along-track errors. Statistics of these predictions are summarized in Table
[5.4] For the case of severe storm, the along-track error of GRACE-A increases by a factor
of 20.4 whereas the along-track error of PROBA-V increases by not more than 67 %. The
along-track error of PROBA-V during the moderate storm decreases by 39 % compared
to the no storm case. This trend is also observed during the minor and the strong storm
cases. This peculiarity might indicate that the density model at 800 km altitude does not
adequately represent the storm conditions. Investigation in this direction is reserved for
future work.
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Figure 5.5: Along-track error during orbit prediction of GRACE-A (top) and PROBA-V
(middle) during geomagnetic storm conditions in May, 2017 (bottom).
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Chapter 6

Optimizing estimation and
prediction for computational
efficiency of PROBA-V

Computational efficiency in orbit determination is required to produce low latency satel-
lite orbits to meet the science mission objectives of Earth observation satellites such as
those used in weather forecasting applications. In case of orbit prediction, computational
efficiency is required for autonomous satellite operations which have limited on-board pro-
cessing power. These include autonomous maintenance of satellite formations for Earth
observations missions in LEO [D’Amico et al., 2012].

Jaggi et al. [2007] presents the details and limitations of an efficient reduced dy-
namic orbit determination technique using piece-wise constant accelerations for CHAMP
satellite. Bae et al. [2007] provides an account of processing time and orbit errors with
respect to Rapid Science Orbits (RSO) when using different degree and order of the grav-
ity model EIGEN2 for the orbit determination of CHAMP satellite. [Montenbruck et al.
[2005] used a truncated version (100 x 100) of the GGMO1S gravity model to achieve a
20 % reduction in the overall processing time without degrading the accuracy of the orbit
determination of GRACE satellite. The Jacchia 71 density model was used to reduce the
computational effort compared to the Jacchia 77 model, with a slight reduction in mod-
elling accuracy. Simplifications such as neglection of luni-solar and tidal perturbations
were applied for variational equations to further reduce computational effort. The paper
also provides an adequate interval length for the estimation of empirical accelerations of
GRACE based on a compromise between computational effort, observability and resolu-
tion of time varying phenomena. Subject to the conditions given in the paper, the use
of least-squares orbit determination software resulted in storage requirements and total
operations count up to the second and third power of the estimation arc length, respec-
tively. [Levit and Marshall [2011] describes a procedure for obtaining optimum estimation
arc length using TLEs for satellites above 800 km altitude to provide improved orbit
prediction for 30 days.

This chapter presents methods to improve the computational efficiency of the
orbit estimation and prediction of PROBA-V in the interests of Qinetiq Space to cut
operating costs. This is achieved by altering the force models and arc lengths used for
estimation and prediction with respect to a nominal case of estimation and prediction.
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The nominal case for estimation is defined as the estimation carried out using the force
models defined in Table [2.2| with the resolution of 1 C; per day for an arc length of one
day. The nominal case for prediction is defined as the prediction carried out using the
force models defined in Table with the estimated Cj of previous day for an arc length
of one day. Throughout this chapter, the chosen solar maximum (April - June, 2014) has
been used as it represents the worst case of prediction due to relatively high solar activity.
The results from altered the estimations and predictions are compared with the nominal
cases using the following metrics: mean maximum position error (3D) of the predicted
orbit (computed using Equation (3.1))) and the mean total computation time which is an
average of the sum of the time taken for a 24 hour estimation arc and a 24 hour prediction
arc throughout the period P1. The computations are carried out on a Linux machine with
62 GB RAM, 3 GHz clock speed and 56 processors. Section gives the sensitivity of
the force models involved, to the mean total computation time and the prediction error.
Section presents the results of varying the estimation arc length for various levels of
force model complexity and Section provides the results of varying the prediction arc
length and gives recommendations to achieve computational efficiency while maintaining
a reasonable degree of accuracy.

6.1 Force model sensitivity analysis

Sensitivity analysis is carried out by removing or simplifying one force model at a time
from the nominal force model while maintaining other force models. Other conditions
for estimation and prediction such as the arc length, integrator and stepsize are kept
constant. The following alterations of force models were done one at a time for sensitivity
analysis: truncating the Earth gravity model (ITU.GRACE 16) from degree and order
50 to degree and order 30, removing luni-solar (third body) perturbation, fixing the value
of Cy to 1.85 (mean estimated Cy during P1 as mentioned in Table and 1.30 (mean
estimated Cy; during P2 as mentioned in Table separately, instead of estimating the
Cy4, removing the drag force altogether, removing solid Earth tides and removing solar
radiation pressure. With these one at a time alterations, both estimation and prediction
were carried out during the period P1.

The results of the sensitivity analysis are shown in Table 6.1} From the table, it
can be seen that excluding the solar radiation pressure model has the least effect on the
mean total computation time and truncating to the Earth gravity 30 x 30 model has the
most effect on the mean total computation time. Excluding the solid Earth tide model
and the drag force model has the least and the most effect on the mean maximum position
error (3D) of predicted orbit, respectively. However, when inspecting a combination of
both the metrics, the following can be observed: excluding the third body acceleration
model has the least effect on the computation time and the most effect on the maximum
prediction error. This is an undesirable effect and is indicated in red colour in the Table
[6.1] Truncating to the Earth gravity 30 x 30 model has the most effect on the computation
time and the least effect on the maximum prediction error. This is a desirable effect and
is indicated in green colour in the Table[6.1 This suggests that the Earth gravity model
can be truncated to degree and order 30 to gain a 50 % reduction in computation time for
a 66 % increase in the maximum prediction error and the third body acceleration model
should be included for all further analysis concerning the computational efficiency.
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Force model | Mean total Mean maximum 3D RMS of
. . . position error (m)
scenario computation position error (3D) - -
time (min) | of predicted orbit (m) Predicted | Estimated
orbit orbit
Nominal 7.05 24.10 6.27 3.63
No solid
Farth tides 6.65 25.14 7.10 3.74
No solar
radiation 6.78 26.36 7.61 3.81
pressure
Fixed Cd
(1.85) 6.46 29.58 12.12 3.70
Fixed Cd
(1.30) 6.47 46.11 24.73 3.91
No third body 6.50 55.30 26.79 8.25
acceleration
No drag 5.05 113.44 63.77 5.38

Table 6.1: Sensitivity of mean total computation time and prediction error of PROBA-V
to force models during April - June, 2014.

6.2 Effect of varying estimation arc length

In this section, the effect of varying the estimation arc length on the computation time and
maximum prediction error is studied. In these investigations, the prediction arc length is
kept fixed to one day. Based on the results shown in the Table[6.1] the complexity of the
force model is gradually reduced so as to achieve a larger decrease in the computation time
at the cost of a slower increase in the mean maximum position error (3D) of predicted
orbit. Initially the strategy of using reduced navigation data density (i.e. one observation
data point for every 2 or more minutes instead of 1 minute (Table 2.1])) for estimation
was considered to test the computational efficiency. However, from Qinetiq Space point
of view, this is not interesting as the company prefers not to use reduced navigation
data density for its satellite operations. The company is more interested on the effects
of using the same navigation data density but with reduced arc length such as 6 hours
instead of 24 hours. Hence, the following combinations of force models are considered for
estimation arc lengths of 24 hours, 18 hours, 12 hours, 6 hours and 1.75 hours (one orbit

of PROBA-V):

e Nominal force model.

e Nominal force model + (No solid Earth tides 4+ no solar radiation pressure (SRP))
+ fixed Cy. This means that the solid Earth tides and solar radiation pressure are
removed from the nominal force model while the drag model uses a fixed value of

Ca.

e Nominal force model + (No solid Earth tides 4+ no solar radiation pressure (SRP))
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+ fixed Cy + Earth gravity field of order and degree 30 (g30by30). This means that
the solid Earth tides and solar radiation pressure are removed from the nominal
force model. The value of Cj is fixed and the Earth gravity model is reduced to
degree and order 30.

e Nominal force model + (No solid Earth tides + no solar radiation pressure (SRP) +
no drag) + Earth gravity field of order and degree 30 (g30by30). This means that
the solid Earth tides, solar radiation pressure and drag force are removed from the
nominal force model while the Earth gravity model is reduced to degree and order
30.

All the force model combinations are applied for the estimation and prediction process
with varying estimation arc lengths as mentioned and the results are tabulated in Tables
[6.2] [6.3|and [6.4 The value of Cy; in fixed Cy force model is set to 1.57 which is the mean of
the mean Cj value estimated during the solar maximum and minimum conditions. This
enables the results to be applicable for varying solar flux conditions. From these tables, it
can be concluded that the results pertaining to the 6 & 1.75 hour estimation arc lengths
for the nominal force model should be taken with caution as they produce negative and
unrealistic values of C,; during the estimation process.

From the Table [6.2] it can be seen that for a given force model combination, the
estimation error (3D RMS of estimated orbit) decreases with the estimation arc length.
This decrease is most significant for the least complex model (i.e. Nominal + (no tides
+ no SRP + no drag) + g30by30). This is because, once the initial state and force
model parameters are estimated using the least-squares technique, the state vector for the
following epochs is obtained through propagation using the force models of the estimation
process. Hence, shorter arcs give better estimation results for the same force model
complexity |Bae et al., [2007]. This is illustrated in Figure which gives a plot of the
error norm for a single day (April 10, 2014). Similar result is expected in a plot of the
along-track error for varying estimation arc lengths. This is because the along-track error
is dominating component of the position error. The results from Tables and are
plotted in Figure [6.2 From the Figure [6.2a], it can be concluded that the least complex
model (i.e. Nominal + (no tides + no SRP + no drag) + g30by30) has the least mean total
computation time corresponding to the estimation arc length of 1.75 hours. However, for
the same estimation arc length, Figure shows a change in the trend of the mean
maximum position error (3D) of the predicted orbit. The prediction error increases when
the estimation arc length is shorter than 6 hours in spite of the corresponding reduction
in the estimation error (Table [6.2). This might be due to the differences in the last state
vector between the results of the 6 hour and 1.75 hour estimation, that is used as input to
the prediction. For estimation arc lengths shorter than 6 hours, the geometric density of
the tracking information is not sufficient to give good estimation and subsequently good
prediction results. Hence, it can be concluded that, for a fixed prediction arc length of one
day, the least complex force model with an estimation arc length of 6 hours is the most
efficient with a mean total computation time of 0.7031 minutes and a mean maximum
position error (3D) of 74.3453 m for the predicted orbit, which is still less than the 125
m requirement.
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Force model combinations

3D RMS of estimated orbit (m)

24 hour arc | 18 hour arc | 12 hour arc | 6 hour arc 1.75 hour arc
3.58 3.38
Nominal force model. 3.63 3.58 3.97 (negative and | (negative and
erratic Cy) erratic Cy)
Nominal
+(no tides 4+ no SRP) 4.08 3.89 3.76 3.72 3.54
+ fixed Cy
Nominal
+(no tides + no SRP) 4.59 4.30 3.94 3.75 3.55
+ fixed Cy + g30by30
Nominal +
(no tides + no SRP + no drag) 6.00 4.78 3.97 3.66 3.44
+ g30by30

Table 6.2: 3D RMS of estimated orbit of PROBA-V for reduced force model complexity

and various estimation arc lengths during April to June, 2014.

Force model combinations

Mean total computation time for 1 day (min)

24 hour arc | 18 hour arc | 12 hour arc 6 hour arc 1.75 hour arc
2.07 1.04
Nominal force model. 7.05 4.87 3.49 (negative and | (negative and
erratic Cy) erratic Cy)
Nominal
+(no tides 4+ no SRP) 6.10 4.74 3.38 2.00 1.00
+ fixed Cy
Nominal
+(no tides + no SRP) 3.30 2.59 1.86 1.10 0.57
+ fixed Cy + g30by30
Nominal
+(no tides + no SRP + no drag) 1.95 1.54 1.14 0.70 0.40
+ g30by30

Table 6.3: Mean total computation time of PROBA-V for reduced force model complexity

and various estimation arc lengths during April to June, 2014.

Force model combinations

Mean maximum position error (3D) of predicted orbit (m)

24 hour arc | 18 hour arc | 12 hour arc 6 hour arc | 1.75 hour arc
42.11 2088.00
Nominal force model. 24.10 24.60 25.54 | (negative and | (negative and
erratic Cy) erratic Cy)
Nominal
+(no tides 4+ no SRP) 41.58 39.29 36.95 35.52 54.21
+ fixed Cy
Nominal
+(no tides + no SRP) 43.24 40.49 39.93 40.70 60.89
+ fixed Cy + g30by30
Nominal
+(no tides + no SRP + no drag) 117.10 101.18 86.24 74.34 97.44
+ g30by30

Table 6.4: Mean maximum position error (3D) of the predicted orbit of PROBA-V for
reduced force model complexity and various estimation arc lengths during April to June,

2014.
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Figure 6.1
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Mean total
Estimation Force model combinations co.mputaiflon
arc length time (min)
1 day | 2 days | 3 days
12 hours Nominal force model. 3.49 4.06 4.63
Nominal
6 hours +(no tides 4+ no SRP) 1.10 | 1.38 1.65
+ fixed Cy (1.57) + g30by30
Nominal
6 hours +(no tides + no SRP + no drag) | 0.70 | 0.92 1.13
+ g30by30

Table 6.5: Mean total computation time of PROBA-V with various force model complexity
and different prediction arc lengths during April to June, 2014.

Mean maximum
Estimation . . position error (3D
arc length Force model combinations of predicted orbgt (111)
1 day | 2 days 3 days
12 hours Nominal force model. 25.54 | 43.76 84.63
Nominal
6 hours +(no tides + no SRP) 40.70 | 76.04 132.39
+ fixed Cy (1.57)+ g30by30
Nominal
6 hours +(no tides + no SRP + no drag) | 74.34 | 240.64 506.36
+ g30by30

Table 6.6: Mean maximum position error (3D) of the predicted orbit of PROBA-V with
various force model complexity and different prediction arc lengths during April to June,
2014.

6.3 Effect of prediction arc length variation

This section presents the results of the study on varying prediction arc length and its
effect on the mean total computation time and mean maximum position error (3D) of
the predicted orbit. The estimation output, including the computation time, from the
following three force model combinations mentioned in Section were used as input to
the prediction: nominal force model with estimation arc length of 12 hours, least complex
force model with estimation arc length of 6 hours and the second least complex force
model (i.e. nominal + (no tides + no SRP) + fixed Cy (1.57) + g30by30) with estimation
arc length of 6 hours. For each of these combinations, three prediction arc lengths were
tested: one day, two days and three days. The results of these predictions are summarized
in Tables and [6.6] and plotted in Figure[6.3

From Figure [6.3a] it can be observed that the mean total computation time
increases linearly with the prediction arc length. Among the three force model combina-
tions, as expected, the nominal force model with 12 hour estimation arc has the steepest
rise of computation time with a maximum of 4.63 minutes and the least complex force
model has the most gradual rise of computation time with a maximum of 1.13 minutes
at the end of 3 days. From the Figure [6.2b] it can be observed that the mean maximum
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Figure 6.4: Norm of the position error of the predicted orbit of PROBA-V (vs) prediction
time during April 5 - 7, 2014.

position error (3D) of predicted orbit varies non-linearly with the prediction arc length.
The variation can be approximated by a second order polynomial. As expected, the least
complex force model results in the largest maximum prediction error of 506.36 m after
3 days and the nominal force model results in the smallest maximum prediction error of
84.63 m after 3 days. Figure [6.4] shows the variation of the norm of the position error of
the predicted orbit with the prediction arc length during the period April 5 - 7, 2014 as a
representative prediction. The short period variations observed in the norm of prediction
error correspond to the fluctuations caused by the 1 CPR nature of the drag force.

In conclusion, the least complex force model (i.e. nominal + (no tides + no SRP
+ no drag) + g30by30) with 6 hour estimation arc length is the most computationally
efficient force model combination for the prediction arc length of one day. For prediction
arc lengths exceeding one day and up to 3 days, it is recommended to use the second least
complex force model (i.e. nominal + (no tides + no SRP) + fixed Cy (1.57) + g30by30)
with 6 hour estimation arc length to stay within the limits of acceptable prediction error
considering a margin of 6 %. It is to be noted that the computational strategies discussed
so far must be considered along with the error in space weather forecast (Chapter |5)) for
reliable orbit prediction.
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Conclusions and Outlook

Emphasis of accurate satellite orbit prediction for collision avoidance between space assets
and debris as well as for autonomous maintenance of formation flying missions in LEO
has been provided. Methods such as using the TLE and the associated SGP4 propagator
for the orbit prediction assessment of the LEO objects and in-track & cross-track sta-
tionkeeping to compensate for orbital decay of the very low LEO satellites due to the
drag force are briefly discussed. In the context of accurate orbit prediction, a need for
improved drag force modelling of SAOCOM-CS satellite is described in the along-track
maintenance scheme proposed by Qinetiq Space. To carry out its mission objectives, the
SAOCOM-CS & SAOCOM-1B, the master satellite, configuration should have a max-
imum along-track separation of 7 km and a minimum along-track separation of 5 km,
thus making the along-track deadband as 2 km. This led to the following requirement
for this thesis: the norm of the maximum position error in orbit propagation of
SAOCOM-CS should be less than 125 m after one day of propagation. Based on
this requirement, an orbit prediction strategy was developed and tested with the GRACE
and PROBA-V satellites under various conditions of solar activity.

Inputs to the satellite orbit prediction, such as the initial state and the drag scale
factor (Cy) are obtained by the precise orbit determination of GRACE-A and PROBA-
V satellites using the GPS state vector data as measurement and force models in the
batch least-squares estimator. A cannonball model represents the satellite shape and
NRLMSISE-00 has been used for density modelling for orbit determination and prediction
which are carried out with the TUDAT software. Both single and multiple C; per day
estimation schemes have been used and for each of these schemes different methods are
used to determine the predicted drag scale factor. Two different periods of solar activity
are used for orbit determination and prediction: P1 (April - June, 2014 with high solar
activity) and P2 (March - May, 2017 with low solar activity). The optimum method of
determining the predicted drag scale factor depends on the satellite, the solar activity
period and the prediction metric which is defined as the RMS of the differences between
the predicted and the estimated drag scale factor of each day throughout the period
considered.

Orbit determination with the estimation of one drag scale factor per day and
prediction using the estimated Cy of the previous day proves to be sufficient for PROBA-
V. The orbit determination of PROBA-V results in 3D RMS error of 3.63 m and 2.34 m
during P1 and P2, respectively for an estimation arc length of one day. Orbit prediction
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of PROBA-V results in mean maximum position errors of 24.10 m and 13.30 m during
P1 and P2, respectively for a prediction arc length of one day. Though prediction using
the mean estimated Cj of the previous week gives slightly better results during P2, it
is not recommended due to a higher computational load involved in performing orbit
determination for 7 days. Orbit determination of GRACE-A with the estimation of 4
drag scale factors per day results in 3D RMS error of 2.05 m and 5.81 m during P1 and
P2, respectively for an estimation arc length of one day. The increased error during P2
can be attributed to the lower altitude of GRACE-A which was nearing its end of life-
time. Best results for orbit prediction of GRACE-A are obtained when the results of 4 Cy
per day estimation are used in prediction along with the last estimated C} of the previous
day. This results in a mean maximum position error of 243.50 m and 526.00 m during
P1 and P2, respectively for a prediction arc length of one day. Though estimation of 8
Cy per day improves the 3D RMS during P1 and P2, it does not give better results for
orbit prediction due to the unrealistic Cy output compared to 4 Cy per day estimation. A
rule of thumb analysis using the linear and exponential interpolation with the prediction
results of GRACE-A and PROBA-V shows the maximum position error in the orbit of
SAOCOM-CS to be between 40 and 75 m for a prediction arc length of one day, which
satisfies the requirement of this thesis.

It is recommended to focus the future efforts towards improving the prediction
accuracy of GRACE-A on employing a more accurate geometry model of the satellite with
the use of accurate satellite orientation through attitude modelling or star sensor data and
a more realistic gas-surface interaction model. This is because the satellite specific drag
coefficient is also sensitive to the satellite length-to diameter ratio. For very long satellites
the sides of the spacecraft are subject to random thermal motions of the thermosphere
as well as the on-coming particles [Marcos et al.,|2010]. Regarding the satellite geometry,
March et al.| [2019] provides the differences between using a panel model [Bettadpur,
2012 and a 3D model obtained using SPARTA simulator, for the density retrieval using
GRACE. Density estimates using the high fidelity 3D model turned out to be 5 % higher
than the estimates using the panel model. Since this thesis uses a cannonball model,
upgrading the geometry to either of the models mentioned above should improve the
prediction accuracy. Statistics of the orbit estimation with 4 Cy; per day for GRACE-A
and 1 C,; per day for PROBA-V show a change of 17.75 % and 29.7 %, respectively in
the mean estimated Cy between P1 and P2. Since the satellite specific parameters don’t
change between P1 and P2, this change in the mean estimated C; shows the inadequacy
of the NRLMSISE-00 model in characterizing the density variations due to solar activity.
Hence, an analysis of the estimated drag scale factors of these two satellites can be used in
the future towards the calibration of the density model. Including the ocean tides model
is also expected to improve the accuracy of the orbit prediction process.

The impact of the error in the forecast of space weather indices on the orbit
prediction has been investigated. Both positive and negative forecast errors in Fyy 7 are
used to test the prediction error variation. For a -10 % error in Fig7, PROBA-V shows a
maximum of 2.5 m increase in the along-track error and GRACE-A shows a 61 % increase
in the along-track error during high solar activity. Both satellites show a larger prediction
error for the negative forecast error in Fip; than for the same magnitude of positive
forecast error. This aspect requires further investigation. For random variations in Ap,
the orbit prediction of PROBA-V is not affected and for GRACE-A, the along-track error
increases by a factor of 0.82 during P1 and 1.26 during P2. For a severe geomagnetic
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storm in P2, the along-track error of GRACE-A increases by a factor of 20.4 and that
of PROBA-V increases by not more than 67 %. Interestingly, the error in the orbit
prediction of PROBA-V decreases by 39 % during a moderate storm. This peculiarity
is also open for future investigation. Combinations of reduced force model complexity,
reduced estimation arc length and increased prediction arc length are used to optimize the
estimation and prediction for the computational efficiency of PROBA-V. For a prediction
arc length of one day, the force model comprising Earth gravity field of degree and order
30 of the model ITU_GRACE 16 with luni-solar perturbations and devoid of atmospheric
drag, solar radiation pressure and tidal forces along with a 6 hour estimation arc length is
the most computationally efficient combination. For prediction arc lengths between one
and 3 days, it is recommended to include the atmospheric force with a constant drag scale
factor of 1.57 to the force model and the estimation arc length combination mentioned
above to stay within the limit (125 m) of acceptable prediction error.
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